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ABSTRACT: A new adsorption resin has been developed by immobilizing persimmon powder with formaldehyde, and its adsorption

properties to Au31 were investigated in detail. The resin exhibited outstanding selective adsorption capacity towards Au31 from acidic

aqueous solutions (pH 2.0), which the equilibrium adsorption capacity was high up to 3025.20 mg g21 at 323 K. The resin exhibited

100% adsorption of Au31 within 8 h, and the experimental data were well fitted with the pseudo-first/second-order rate model. The

adsorption isotherms could be well described by Freundlich equation. The column studies suggested that the resin was effective for

the adsorption of Au31 from aqueous solutions, and the loaded Au31 could be easily desorbed by acidic thiourea solution. The

adsorption of Au31 was an endothermic reductive adsorption process. This suggested that the resin can be used as an active biosorb-

ent for the recovery of Au31 from aqueous environment. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3937–3946, 2013
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INTRODUCTION

Nowadays, gold is widely used in electric and electronic devices

due to its high chemical stability, fine ductility, and high con-

ductivity. Obsolete electric and electronic devices (e-wastes)

such as cellular phones, televisions, and computers contain

larger amounts of gold than gold ores, which may be considered

as secondary ore of gold. It was reported that cellular phones

contain 200 g of gold per ton of scrap which was much higher

than the content in gold ores, which was only 5–30 g of gold

per ton of ore.1 Due to natural gold resource is limited and

nonrenewable, it is necessary to find ways to recycle gold from

various wastes especially e-wastes to fulfill the increasing

demand. Many alternatives have been reported for the effective

recovery of gold from aqueous solutions such as precipitation,

solvent extraction, reverse osmosis, electrodialysis, and adsorp-

tion. Among these methods, adsorption is promising for the

gold recovery because it offers prominent advantages, especially

can be applied for the water treatment at low concentrations.

For this reason, numerous studies on the gold adsorption have

been conducted so far using various adsorbents such as acti-

vated carbon,2 minerals,3 synthetic resin,4,5 hydrogel,6 nanocom-

posite,7 and so on. Nevertheless, these adsorbents are not so

effective (low capacity and/or poor selectivity) or have high

cost. Therefore, the search for environmentally benign and low

cost biosorbent materials for gold recovery is urgent. Since the

last few years researches on biosorbents for gold recovery from

aqueous solutions were concerned with tannin,1 microorgan-

ism,8,9 agricultural wastes,10–12 algae,13,14 polysaccharide,15–17

and so on.

Tannin is one of the most abundant biomasses in nature, which

is distributed in different parts of plants and trees such as roots,

barks, seeds, and fruits. In general, tannin can be classified as

hydrolysable tannin and condensed tannin according to differ-

ent chemical structures and persimmon (Diospyros kaki Thunb.)

tannin (PT) belongs to the condensed type. As shown in Fig-

ure 1, PT consists of four catechin compounds (catechin;

catechin-3-gallate; gallocatechin; gallocatechin-3-gallate 5 1 : 1 :

2 : 2), which connect in series and its average molecular weight

is 1.38 3 104.18 The B-rings of PT consist of a great majority of

adjacent hydroxyl groups, which can react with metal ions. In

addition, the presence of galloyl group that attached to part of

C-rings can increase the number of adjacent hydroxyl groups

that promote reactions of tannin with metal ions as well.19

Some researchers have focused on the PT, especially on its

application for gold recovery for the past few years.20–25 Three

waves of physiological drop of persimmon fruits may occur 5-

80 days after full blossom each year. What is more, a large num-

ber of persimmon fruits are always thinned as redundant fruits

for guaranteeing the quality of fruit in production practice. In

addition, about 80% of persimmon fruits in China are used for

Additional Supporting Information may be found in the online version of this article.
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further processing, particularly to produce dried persimmon,

which generate large amount of persimmon peel. These physio-

logical drop fruits, artificial thinning fruits, and fruit peels pro-

duced in processing generate huge amount of persimmon waste.

However, this persimmon waste contains abundant PT, which

has high affinity to some specified metal ions such as Au31,

and it is promising to prepare adsorbent from them.

Since PT is partly water-soluble, its application of adsorbent is

limited. Therefore, it should be transformed into water insolu-

ble matrix so as to overcome this problem. Formaldehyde is

one of the most effective crosslinking agents for tannin.1,26 The

A-rings of tannin can react with formaldehyde due to their

strong nucleophilicity, and the probable active-sites is C6.26 In

this work, persimmon powder was immobilized by formalde-

hyde to prepare biosorbent for gold recovery from aqueous sol-

utions and its adsorption behavior toward Au31 was evaluated.

Meanwhile, the application potential of this biosorbent for the

recovery of Au31 from actual industrial liquor had also been

tested.

EXPERIMENTAL

Materials

A sample of dry persimmon powder was kindly donated by

Huikun Agriculture Product (Gongcheng, China), which was

prepared following this method: first, persimmon waste was

squeezed and then the generated juice was freeze-dried. The

content of PT in the powder was determined to be about 30%

with the Folin–Ciocalteu method.27 Gold adsorption experi-

ments were carried out with fresh solutions that were prepared

from stock solution of chloroauric acid tetrahydrate

(AuCl3�HCl�4H2O). The pH of solutions was adjusted with

diluted HCl or NaOH solution.

Preparation of the Persimmon Powder-Formaldehyde Resin

The adsorption resin was prepared referring to the method pro-

posed by Nakano et al.28 The persimmon powder (30 g) was dis-

solved in 65 mL of NaOH solution (0.25 mol L21) at room

temperature, which was followed by addition of 6 mL of formal-

dehyde (37 wt %) as a crosslinking reagent. After resination at

353 K for 12 h, the product was filtered, then crushed and grinded

into powder and followed by washing successively with deionized

water and HNO3 solution (0.05 mol L21) to remove unreacted

substances, and finally rinsed with deionized water. Thus, the

obtained adsorbent was dried for 24 h at 338 K, which was named

as persimmon powder-formaldehyde resin (PPF resin) and used

for carrying out all adsorption experiments.

Batch Adsorption Studies

Batch experiments for Au31 were carried out in sealed conical

flasks at a constant temperature shaking for 24 h at a speed of

200 r min21. The effect of pH on the adsorption of Au31 was

conducted at 303 K by mixing 15 mg of PPF resin with 50 mL

of Au31 solution (150 mg L21) over the pH range of 2.0–6.0. In

kinetic studies, 15 mg of PPF resin was mixed with 50 mL of

Au31 solution (100 mg L21) at 303, 313, and 323 K, respec-

tively, the pH of the solution was adjusted around 2.0 and sam-

ples were withdrawn at desired time intervals. In isotherm

experiments, 15 mg of PPF resin was added to 50 mL of Au31

solution with varied initial concentrations (150-350 mg L21) at

293, 303, and 313 K, respectively, the pH of each solution was

adjusted around 2.0. All the adsorption experiments were repli-

cated three times and the errors were found to be within 5%.

Column Experiment: Loading and Elution

A continuous-mode column experiment was carried out at

room temperature (298 6 5 K) using a transparent glass column

Figure 1. Chemical structure of persimmon tannin and related catechin compounds.
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of 1 cm inner diameter and 20 cm high. Approximately 100 mg

of PPF resin was packed into the column. Prior to passing the

test solution, the column was conditioned by passing deionized

water (pH 2.0) for 24 h. Then 150 mg L21 Au31 solution (pH

2.0) was fed at a constant flow rate of 6 mL h21 through the

column using a peristaltic pump (DHL-A, China). The effluent

solution was collected at 1 h time intervals using a fraction col-

lector (BSZ-100, China) to measure the corresponding metal

ion concentrations.

To elute the adsorbed metal ions, the loaded column was pre-

washed with deionized water (pH 2.0) for 24 h so as to expel

any unbound metal ions and then 1 mol L21 thiourea solution

(pH 2.0) was passed through the column at identical rate (6 mL

h21). The eluate was collected at each half-hour interval of time

for measuring the metal concentration.

Instrumentation Analyses

Metal ion concentrations in the aqueous solutions were meas-

ured by atomic absorption spectrophotometer (AAS, Varian

Spectra AA 220). The FT-IR spectra of the feed material as well

as the adsorbent (before and after adsorption of Au31) were

recorded by a Fourier transform infrared (FTIR) spectropho-

tometer using KBr pellet method (Thermo FTIR-330). Zeta

potentials of PPF resin were measured over the pH range of

2.0-10.0 on a zetasizer (Malvern ZEN 3600). The surface area of

PPF resin was determined using the Btunaure-Emmet-Teller

method by autosorb-1 standard physical adsorption analyzer

(Quantachrome Autosorb-1 JEDL-6390/LV). The thermal dena-

turation temperature of PPF resin was determined using a dif-

ferential scanning calorimeter (NETZSCH DSC 204 F1). The X-

ray diffraction (XRD) pattern and digital micrograph image of

adsorbents after adsorption were recorded by using X-ray dif-

fractometer (Bruker D8 advance) and microscope (Olympus

BX61). Surface morphology of PPF resin, before and after

adsorption of Au31, was examined in a scanning electron

microscope (SEM, JEOL JSM-6390LV).

RESULTS AND DISCUSSION

Characterization of the Adsorbent

Characterization of crude persimmon powder and the adsorbent

(before and after adsorption of Au31) was investigated by FTIR

spectra, the results of which are shown in Figure 2. In the FTIR

spectrum of crude persimmon powder, the characteristic broad

band at 3383 cm21 is attributed to OAH stretching vibration,

the weak band at 1695 cm21 and the sharp band at 1614 cm21

are attributed to C@O stretching vibrations of ester and ketone

groups, the bands at 1534 and 1448 cm21 are due to ring CAC

stretching vibrations, and the peaks at 1345, 1236, and 1031

cm21 are attributed to OAH bending, C@CAO stretching and

CAOAC stretching vibrations, respectively.24,25 The small peak

at 2931 cm21 is attributed to CAH stretching of phenolic rings

and the methylene (ACH2A) bridges formed by the reaction

between persimmon tannin and formaldehyde, and the peaks at

the region of 910–740 cm21 can be attributed to the deforma-

tion vibrations at CAH bond in the phenolic rings.26 After

crosslinking, intensity of OAH stretching vibrations was slightly

decreased, inferring that crosslinking has taken place through

the condensation reaction of phenolic hydroxyl groups, and the

bands at 1706, 1610, and 1224 cm21 due to C@O stretching

and C@CAO stretching vibrations were broadened and

appeared as moderate bands probably due to partial oxidation

of phenolic hydroxyl groups to quinone groups.24 The intensity

of 910-740 cm21 was decreased, inferring that persimmon tan-

nin was highly crosslinked with formaldehyde. In the FTIR

spectrum after gold adsorption, the intensity of the band

around 1710 cm21 assigned for quinine type C@O stretching

was increased. This result suggests that the hydroxyl groups

(OAH) of PPF resin particles were oxidized to carbonyl groups

(C@O). The band around 1220 cm21 attributable to C@CAO

asymmetrical stretching was also increased in intensity, which

support the proposed that oxidation of phenolic hydroxyl

Figure 2. FTIR spectrum of crude persimmon powder and the PPF resin

(before and after adsorption of Au31).
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groups has actually taken place, which will be discussed later in

detail.

The zeta potentials of PPF resin at different pH values were

measured and the results are shown in Figure 3. The isoelectric

point of PPF resin occurs at pH 2.21, inferring that the surface

will be negative charged above this pH due to the ionization of

the functional groups such as adjacent hydroxyl groups. It can

be seen that the zeta potentials of PPF resin became more nega-

tive as pH increases and exhibited all negative values within the

pH range 3.0–10.0, however, the zeta potential was 11.97 mV

at pH 2.0.

The bulk density, BET specific surface area, and thermal denatu-

ration temperature of PPF resin were measured as 0.81 g cm23,

0.23 m2 g21, and 367.6 K, respectively.

Effect of pH

Au31 adsorption from aqueous solutions by the PPF resin

depended on the solution pH. The effect of pH on adsorption

of Au31 by PPF resin is shown in Figure 4. The maximum

adsorption occurred at pH 2.0 and adsorption decreased when

pH was increased further. In addition, the pH of the solution

was observed to be decreased rapidly with adsorption of Au31.

The predominant complex of gold in aqueous chloride solution

is AuCl�4 at pH below 3.0, and increasing solution pH would

cause the hydrolysis reaction of AuCl�4 to proceed that generate

hydrolyzed chlorogold complexes such as AuCl3ðOHÞ� appear

in the aqueous chloride solution.1 The adjacent hydroxyl groups

in B-rings of PT can bind with AuCl�4 as electron donor in the

adsorption reaction. The pH was decreasing rapidly with

adsorption of Au31 due to the hydrogen ions that were released

from phenolic hydroxyl groups of PT with releasing of electrons

in the reductive adsorption process. As pH increases, the

adsorbent surface becomes more and more negatively charged,

which is shown in Figure 3, and therefore the adsorption of

negatively charged chlorogold complexes is rather unfavorable.

At pH 2, the surface of PPF resin is positively charged and it is

favorable for the attraction of negatively charged metal ions

such as AuCl�4 due to electrostatic interaction. As the feed

materials such as e-wastes are leached with strong acid like aqua

regia according to the classical method of gold recovery, the

PPF resin can be good candidate for gold recovery from this

acidic leach liquor.

It is interesting that the filtrates collected from Au31 solutions

showed brick red color (initial pH 3.0-4.0) and slate gray color

(initial pH 5.0-6.0) as shown in the Supporting Information

(Fig. S1), and precipitate generated after remaining static for sev-

eral hours. By contrast, when the adsorption was conducted at

initial pH 2.0, the collected filtrates were colorless, and no precip-

itation was observed. These results suggested that the adsorption

mechanism of Au31 on PPF resin should be varied at different

pH range. At pH range of 3.0-6.0, the adjacent hydroxyl groups of

PPF resin are ionized, and the Au31 can be firstly chelated with

the ionized phenolic hydroxyls and subsequently reduced.21 How-

ever, the ionization of phenolic hydroxyls of PPF resin would be

suppressed at low pH range of 2.0-3.0,29 and the phenolic groups

of PPF resin should be protonated and attract the Au31 (exists as

AuCl�4 ) via electrostatic interaction as mentioned before. At pH

range of 3.0-6.0, Au31 was reductively adsorbed on PPF resin,

and then the formed elemental Au was partially released into

aqueous solutions due to its instability under such pH.21,29

Hence, it can be inferred that these elemental Au should be in

nanoscale because the filtrates were of brick red or slate gray

color,29 and the released nanoscale gold particles were further

aggregated to form bigger gold aggregates, thus resulting in the

precipitation. On the contrast, no gold adsorbed on PPF resin

was released into solution at pH 2.0 possibly due to the formed

elemental Au was relatively more stable.

Figure 5 shows the XRD patterns of PPF resin obtained before (a)

and after (b) the adsorption of Au31. As presented in Figure 5(a),

the appearance of a broad peak at around 2h value of 20� indi-

cated the existence of amorphous silica and no elemental Au in

the sample. However, it can be observed that the intensive charac-

teristic peaks of elemental Au were located at around 2h values of

38.2�, 44.4�, 64.6�, and 77.6� from Figure 5(b). The results con-

firmed that the Au31 could be reduced to elemental Au on the

PPF resin during the adsorption. To observe the adsorption

Figure 3. Zeta potentials of PPF resin. (Weight of adsorbent 5 10 mg, vol-

ume of 0.01 mol L21 NaCl solution 5 100 mL, and pH 5 2.0-10.0.)

Figure 4. Effect of pH on adsorption of Au31 on PPF resin. (Initial conc. of

Au31 5 150 mg L21, pH 5 2.0-6.0, adsorbent dose 5 0.3 g L21, temper-

ature 5 303 K, shaking speed 5 200 r min21, and shaking time 5 24 h.)
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process of Au31 on PPF resin visually, the SEM images and digital

micrograph of PPF resin were taken before [Figure 6(a)] and after

[Figure 6(b-d)] the adsorption of Au31 as shown in Figure 6. It is

clearly visible in Figure 6(b) that the nanoscale gold particles were

firstly adsorbed on the surface of PPF resin, and the adsorbed

nanoscale gold particles were aggregated to form bigger gold

aggregates then separated from resin surface as revealed by

Figure 6(c). From Figure 6(d), it is distinct to observe the fine

gold particles attached on the PPF resin surface, which further

confirmed the formation of elemental Au after the adsorption of

Au31. From the results the adsorption of Au31 on PPF resin may

be presumably to be consisted of three steps:24 (1) binding of

anionic species of gold onto positively charged resin surface via

electrostatic interaction; (2) reduction of adsorbed Au31 to ele-

mental gold by electron-donor groups (adjacent phenolic

hydroxyl groups); (3) aggregation of elemental nanoscale gold

particles and formation of bigger gold aggregates.

Adsorption Kinetics

The adsorption kinetics of Au31 on PPF resin is shown in

Figure 7(a). It can be observed that the recovery extent of Au31

significantly increased to about 60% in the first 2 h and the

adsorption equilibrium could be quickly achieved within 8 h at

303, 313, and 323 K, respectively. The adsorption of Au31 on

Figure 5. XRD patterns of PPF resin obtained before (a) and after (b) the adsorption of Au31.
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Figure 6. SEM images of PPF resin taken before (a) and after (b, c) the adsorption of Au31 and micrograph of PPF resin taken after (d) the adsorption

of Au31. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Adsorption kinetics of Au31 on PPF resin. (a) Experimental plots; (b) pseudo-first-order rate model fitting plots; (c) pseudo-second-order rate

model fitting plots; (d) intraparticle diffusion model fitting plots. (Initial conc. of Au31 5 100 mg L21, pH 5 2.0, adsorbent dose 5 0.3 g L21, temper-

ature 5 303, 313, and 323 K, respectively, shaking speed 5 200 r min21 and shaking time 5 0.5-12 h.)
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PPF resin was fast due to little micropore at the outer surface of

PPF resin, which suggested that the adsorption of Au31 should

take place at the outer surface of PPF resin, and thus the intra-

particle diffusion resistance could be neglected.

To confirm our predication, the adsorption kinetic data were fur-

ther analyzed using the pseudo-first-order rate model,30 the

pseudo-second-order rate model,31 and the intraparticle diffusion

model32, which are expressed as eqs. (1), (2), and (3),

respectively:

log ðqe2qt Þ ¼ log qe2
k1t

2:303
(1)

t

qt

¼ 1

ðqeÞ2k2

1
t

qe

(2)

qt ¼ kidt0:5 (3)

where qe and qt are the amounts of Au31 adsorbed (mg g21) at

equilibrium and at time t (h), respectively, and k1 (h21) and k2 (g

mg21 h21) are the rate constant, kid (mg g21 h20.5) is the intra-

particle diffusion rate constant. As shown in Figure 7(b,c), the

correlation coefficient (R2) for the pseudo-first-order rate model

and the pseudo-second-order rate model had high values; how-

ever, the correlation coefficient R2 for the intraparticle diffusion

model was not satisfactory, as illustrated in Figure 7(d). Mean-

while, values of the calculated qe from the pseudo-first/second-

order rate model were close to those determined by experiments.

Both the linearity and the coincidence of the Figure 7(b,c) sup-

port the adsorption of Au31 on PPF resin that the first- and/or

second-order chemical reaction was a rate-controlled process,33,34

and the reduction step may be the main rate-determining step.

The adsorption kinetics model parameters of Au31 on PPF resin

were summarized in Table I.

The relationship between the evaluated pseudo-first-order rate

constant and temperature were rearranged according to the

Arrhenius equation expressed by the following equation:

ln k ¼ ln A2
Ea

RT
(4)

where k is rate constant, Ea is activation energy, T is absolute tem-

perature, A is Arrehenius constant, and R is gas constant. The

apparent activation energy, Ea, was evaluated as 53.19 kJ mol21,

similar result was observed in the adsorption of gold on wattle

tannin gel in the previous work (27.7 kJ mol21).1 The positive

and very high value of Ea suggested that the adsorption of Au31

on PPF resin was an endothermic chemical phenomenon.

Adsorption Isotherms

Figure 8(a) presents the adsorption isotherms of Au31 on PPF

resin. The adsorption capacity was positively correlated to the ini-

tial solution concentration and temperature, which supported that

the adsorption was an endothermic process as proposed earlier.

Adsorption isothermal data were further analyzed by the Lang-

muir and Freundlich isotherm models.35,36 As there was no theo-

retical model to describe the adsorption isotherms of liquid/solid

adsorption, the adsorption isothermal models used in gas/solid

adsorption were always used to describe liquid/solid adsorption.

The Langmuir isotherm model is based on the assumption of

monolayer adsorption on a homogenous surface with identical

adsorption sites, its linear form can be expressed by the following

equation:

Ce

qe

¼ Ce

qm

1
1

bqm

(5)

where Ce is the equilibrium concentration of Au31 (mg L21), qe

is the amount of Au31 adsorbed at equilibrium (mg g21), qm is

the monolayer adsorption capacity (mg g21) and b is the Lang-

muir constant related to the energy of adsorption (L mg21).

The empirical Freundlich model is appropriate for the adsorp-

tion on heterogeneous surfaces. The Freundlich isotherm mod-

el’s linear form is expressed by the following equation:

ln qe5ln kF1
1

n
ln Ce (6)

where kF is the Freundlich constant related to the adsorption

capacity, and n21 is the heterogeneity factor. An n value between

1 and 10 indicates beneficial adsorption,37 which represents a het-

erogeneous surface structure for the adsorbent with an exponen-

tial distribution of energy of the surface active-sites.38 The

correlation coefficient (R2) for the Freundlich model was higher

than the Langmuir model, indicating that the adsorption isother-

mal data were well fitted by the Freundlich equation. In addition,

the values of n were 1.53, 1.70, and 1.67 at 293, 303, and 313 K,

respectively, which were in the range of 1–10, indicating that the

adsorption process can proceed easily. The Langmuir and Freund-

lich isotherm constants of Au31 on PPF resin were summarized

in Table II.

To examine the maximum adsorption capacity for Au31, 10 mg

PPF resin was added into 100 mL Au31 solution (781.20 mg L21)

at initial pH 2.0 and 323 K by shaking for 48 h at a speed of 200 r

Table I. The Adsorption Kinetics Model Parameters of Au31 on PPF Resin

Temperature (K)

Pseudo first-order Pseudo second-order Intraparticle diffusion

k1 (h21) R2 k2�1023 (g mg21 h21) R2 kid (mg g21 h20.5) R2

303 0.309 0.993 2.356 0.999 73.154 0.909

313 0.418 0.996 2.501 0.999 75.141 0.852

323 1.112 0.939 3.826 0.998 66.276 0.772

R2: correlation coefficient.Initial conc. of Au31 = 100 mg L21, pH = 2.0, adsorbent dose = 0.3 g L21, temperature = 303, 313, and 323 K, respectively,
shaking speed = 200 r min21, and shaking time = 0.5212 h.
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min21. And it was found that the PPF resin had an extremely

high adsorption capacity of Au31 (3025.20 mg g21). The maxi-

mum adsorption capacity of PPF resin on the adsorption of Au31

was compared with other biomass materials reported in the litera-

ture. As revealed by Table I, the absorbents1,23–29 prepared from

condensed tannin showed much higher adsorption capacity of

Au31 than other biomass materials10,11,13,34,39,40 for condensed

tannins have multiple adjacent phenolic hydroxyls and exhibit

specific affinity to Au31. The PPF resin showed better

performance on Au31 adsorption compared to most of the bio-

mass materials as presented in Table III.

Column Adsorption and Elution of Au31

A column experiment for adsorption of Au31 was conducted

using the PPF resin. Figure 9(a) shows the breakthrough profiles

of Au31 using a column packed with PPF resin. It is apparent

that the breakthrough of Au31 took place after 800 B. V. (bed

volume), however, adsorption equilibrium was not achieved

even after 8,000 B. V. (206.7 h). In the adsorption process, the

adsorption zone (also called mass transfer zone, where the bulk

of adsorption occurs) moves forward as time passes and then

approaches the exit of the bed, and the concentration of the

adsorbate at the exit should equal to the concentration in feed-

ing when the adsorption zone is completely moved out through

the column.41 The PPF resin had extremely high adsorption

capacity toward Au31 and there was little micropore at the

outer surface of PPF resin, indicating that it took a long time

for the adsorption zone to approach the exit of the bed. The

upper surface layer of bed showed brick red color after the col-

umn experiment, which suggested that the loaded Au31 was

aggregated at the upper surface layer of bed with the nanoscale

gold particles form. Hence, it is quite reasonable to propose

that the reduced gold particles were separated from the resin

surface leading to the generation of new active sites, which

increased the absorbability of the PPF resin, and thus resulting

in achieving saturation with difficulty. Figure 9(b) shows the

elution profile of the loaded Au31 with acidic thiourea solution.

It was found that the loaded Au31 on the column was easily

desorbed by acidic thiourea solution (1.0 mol L21). Further-

more, the regenerated PPF resin could be reused for the adsorp-

tion of Au31 with little loss of adsorption capacity.

Recovery of Au31 from An Actual Industrial Sample

An adsorption test was conducted for recovery of Au31 from an

actual industrial sample. To examine the selective adsorption

capacity for Au31, 15 mg PPF resin was added into an actual

industrial sample (pH 2.0) at 323 K by shaking for 24 h at a

speed of 200 r min21. As shown in Table S1 (as shown in Sup-

porting Information), 100% of Au31 was recovered and the

adsorption of Cu21, Fe31, Pb21, and Zn21 was negligible

although their concentration was much higher than Au31.

To elucidate the adsorption mechanism more clearly, it is nec-

essary to investigate the adsorption selectivity of PPF resin to

Au31 from aqueous solution with some coexisting metal ions
Figure 8. Adsorption isotherms of Au31 on PPF resin. (a) Experimental

plots; (b) Langmuir plots; (c) Freundlich plots. (Initial conc. of

Au31 5 150-350 mg L21, pH 5 2.0, adsorbent dose 5 0.3 g L21, temper-

ature 5 293, 303, and 313 K, respectively, shaking speed 5 200 r min21

and shaking time 5 24 h.)

Table II. Langmuir and Freundlich Isotherm Constants of Au31 on PPF

Resin

Langmuir fitting Freundlich fitting

Temperature
(K)

qm

(mg/g) b �1023 R2 kF n R2

293 1798.561 2.269 0.965 17.248 1.525 0.990
303 1904.762 2.917 0.971 30.727 1.697 0.988
313 2096.436 3.000 0.986 32.201 1.665 0.988

R2: correlation coefficient.Initial conc. of Au31 = 150–350 mg L21, pH =
2.0, adsorbent dose = 0.3 g L21, temperature = 293, 303, and 313 K,
respectively, shaking speed = 200 r min21, and shaking time = 24 h.
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at varying initial pH. As illustrated in Figure 10, PPF resin

exhibited remarkable selectivity for Au31 over the pH range

of 1-2, while the adsorption of base metal ions was negligible.

However, the adsorption of Fe31 and Pb21 was increasing

rapidly with the pH increased from 2.0 to 5.0, while the

adsorption of Cu21 and Zn21 was increasing slowly. As men-

tioned earlier, at pH below 3.0, the predominant complex of

Au is AuCl�4 in acidic aqueous chloride solutions and the

PPF resin surface become positively charged due to protona-

tion, and thus anionic species AuCl�4 can bind onto positively

charged resin surface by electrostatic interaction. However, the

majority of base metals such as Cu21, Fe31, Pb21, and Zn21

exist as positively charged species in acidic aqueous solutions

at pH below 3.0, so the PPF resin exhibited little adsorption

capacity to them. The lower accessibility of Cu21 and Zn21

compared with Fe31 and Pb21 is possibly due to their respec-

tive ionic volume, in which the metal ions uptake increase as

the ionic volume increased. The result verified the PPF resin

had outstanding selectivity to Au31, which suggested the

Table III. Adsorption Capacities (q) of Different Adsorbents Towards Au31

Adsorbent q (mg/g) Conditions Reference

Wattle tannin gel 8000 pH 2.0, 333 K 1

Dimethylamine modified persimmon waste gel 1109.11 0.1 mol L21 HCl, 303 K 23

Crosslinked persimmon tannin gel 1516.9 0.1 mol L21 HCl, 303 K 24

Bisthiourea modified persimmon tannin gel 1020.46 0.1 mol L21 HCl, 303 K 25

Bayberry tannin-immobilized mesoporous silica 642.0 pH 2.0, 323 K 36

Orange waste gel 1.97 0.1 mol L21 HCl, 303 K 10

Fucus vesiculosus 68.95 pH 7.0, 6296 K 13

Rice husk carbon 149.72 – 11

Chemically modified chitosan 669.8 – 37

Crosslinked chitosan resin 70.34 – 38

Glycine modified crosslinked chitosan resin 169.42 pH 2.0, 333 K 39

PPF resin 3025.20 pH 2.0, 323 K This work

Initial conc. of Au31 = 781.20 mg L21, pH = 2.0, adsorbent dose = 0.1 g L21, temperature = 323 K, shaking speed = 200 r min21, and shaking time = 48 h.

Figure 9. (a) Breakthrough profiles and (b) elution profiles of Au31 on

PPF resin. (Ci: initial conc. of Au31 5 150 mg L21, Ce: conc. of Au31

in effluent, pH 5 2.0, weight of adsorbent 5 100 mg, temperature 5

298 6 5 K, and flow rate 5 6 mL h21.)

Figure 10. Adsorption behavior of PPF resin for various metal ions at

varying initial pH. (Initial metal ion conc. 5100 mg L21, pH 5 1.0-5.0,

adsorbent dose 5 0.3 g L21, temperature 5 303 K, shaking speed 5 200 r

min21 and shaking time 5 24 h.)
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PPF resin could be used for gold recovery in practical

application.

CONCLUSIONS

The PPF resin was highly effective and selective for the adsorp-

tion recovery of Au31 from acidic aqueous solutions. The PPF

resin exhibited a fast adsorption rate to Au31, and the experi-

mental data were well fitted with the pseudo-first/second-order

rate model. As revealed by the high Ea value (53.19 kJ mol21),

adsorption of Au31 on PPF resin was found to be an endother-

mic process. In addition, the PPF resin showed a high adsorp-

tion capacity (3025.20 mg g21) at 323 K. The adsorption

isotherms could be well described by Freundlich equation com-

pared with the Langmuir equation. The adsorption of Au31 on

the column packed with PPF resin was effective and the loaded

Au31 on the column could be easily desorbed by acidic thiourea

solution. Furthermore, the regenerated PPF resin could be

reused for the adsorption of Au31 with little loss of adsorption

capacity. The adsorption of Au31 on PPF resin was a reductive

adsorption process, in which Au31 was reduced to its elemental

form and aggregated to fine gold particles. In this context, we

have explored the potential utilization of PPF resin as a good

candidate for the recovery of Au31 from aqueous environment.
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