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a b s t r a c t 
In the present work, the facile covalent functionalization of organotriphosphonic acid on japonica 
shells (OTPA-JS) has been developed and they were used for enhanced uptake of gold ions from 
wastewater. The theoretical calculations of the cellulose with organotriphosphonic acid group have 
been carried out at the B3LYP/6-31+G(d) level to design the bioabsorbent material OTPA-JS. The stud-
ies on the adsorption properties of japonica shells JS and OTPA-JS for Au(III), Hg(II), Cu(II), Pb(II), 
Ni(II), Co(II), Zn(II), Cr(III) and Cd(II) have revealed that OTPA-JS displayed excellent enhanced 
adsorption for gold ions compared to JS. Furthermore, the adsorption selectivity results showed that 
OTPA-JS had strong affinity for gold ions in the aqueous solutions and even exhibited 100% selec-
tivity for Au(III) ions in the presence of Co(II), Zn(II), Cr(III) and Cd(II). The relevant adsorption 
behaviors of OTPA-JS and JS for gold ions, such as the effect of pH value, the adsorption kinetics, and 
thermodynamics as well, have also been investigated. The results indicated the maximum adsorp-
tion capacities of OTPA-JS at 35°C could reach 523.56 mg/g, the activation energy value for Au(III) 
onto OTPA-JS was –38.82 kJ/mol, and the adsorption thermodynamic parameters ∆G, ∆H and ∆S 
were –103.03 kJ⋅mol–1, 96.87 kJ⋅mol–1, and 334.82 J⋅ K–1⋅mol–1, respectively. Moreover, the adsorption 
mechanism for gold ions adsorption was also investigated, which were based on the results of FTIR, 
XPS, SEM, and XPS of the sample after gold ions adsorption (OTPA-JS-Au). Moreover, this modified 
adsorbent was utilized to uptake gold ions in the gold-plating wastewater samples. Therefore, the 
prepared adsorbent OTPA-JS is expected to be a new biomass material for the uptake and recovery 
of gold from contaminated water.
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1. Introduction

Gold, as one of the precious metals and a global cur-
rency, has been utilized in a lot of industrial and medical 
fields because of its special physical and chemical prop-
erties. Correspondingly, the recover gold form industrial 

scraps and wastewater such as mining, electronics and elec-
troplating has recently been an international concern due to 
its value and scarcity, and the environmental pollution as 
well. Therefore, the effluents from these scrap industry con-
taining gold ions have drawn considerable attention. This 
has provided a compelling reason for developing effective 
treatment methods for recovering and reuse of gold ions 
[1]. Adsorption is a kind of highly efficient, economical and 
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easily regenerated ways for the removal of metal ions from 
wastewaters compared to the conventional treatment meth-
ods [2–7]. Therefore, adsorption method is often considered 
in the processes of gold uptake from aqueous solutions, 
especially when the adsorbent is inexpensive and read-
ily available [8,9]. Recently, biosorption using agricultural 
wastes has been regarded as a promising technology for 
efficient and fast process of gold ions uptake at lower cost 
compared with other methods [10,11].

Japonica is an important rice subspecies in Asia, it is 
mainly distributed in Northeast China and accounts for 
44.6% of the total cultivated area of japonica rice in China 
[12]. Generally, the agricultural waste japonica shells are 
generated on site as a kind of byproduct in the milling fac-
tories during the production of rice. The world production 
of japonica shells is estimated to be several million tons 
every year, therefore, the disposal of these vast amounts of 
them has been one major problem. Reusing this agricultural 
waste product is one goal of environmental sustainabil-
ity. It seems a reasonable assumption that the agricultural 
waste presents great potential use in large scale, such as 
adsorbent and composite industries [13]. As a kind of agri-
cultural waste, japonica shells are rich in cellulose with 
hydroxyl functional groups, and they could be selected to 
be applied as absorbent material in the present work. In 
order to develop the innovative low-cost adsorbents with 
good affinity towards targeted metal ions, the preparation 
strategy of effective surface modification technology with 
function groups should betaken [14].

Japonica shells are available in large quantity, and 
organophosphonic acids have good coordination property. 
Concerning the above-mentioned ideas, the objective of this 
work was to effectively enhance the adsorption capability of 
biomass-based adsorbents for gold ions by covalent chem-
ical modification of japonica shells with organotriphos-
phonic acid. The motivation of the present work is to explore 
the possibility of utilizing OTPA-JS for the bioadsorption 
of gold ions from wastewater. Covalent functionalization 
with ligand such as organotriphosphonic acid on the sur-
face of japonica shells is sure to obtain specific adsorption 
and larger capacity. The effect of such experimental factors 
as adsorbent dose, pH, contact time, initial concentration 
and temperature were investigated in detail. The adsorption 
kinetics of gold ions onto JS and OTPA-JS was analyzed by 
fitting various kinetic models. Experimental equilibrium 
data were fitted to the Langmuir and Freundlich equations, 
and the error analysis was conducted to test the adequacy 
and the accuracy of the model equations. Thermodynam-
ics of the adsorption process has been studied, and the 
change in Gibbs free energy, the enthalpy and the entropy 
of adsorption have also been determined, which are import-
ant parameters for the design of any industrial adsorption 
system. In addition, the adsorption mechanism of OTPA-JS 
for gold ions has been investigated, and it was also utilized 
to uptake gold ions in the gold-plating wastewater samples.

2. Experimental details

2.1. Materials and instruments 

The spent japonica rice shells obtained from Northeast 
China were thoroughly washed and dried at 40°C, and 

they were ground and passed through a 120 mesh sieve to 
obtain the uniform particle size (JS).10.0 g of JS was agitated 
at 60°C for 24 h in 40 mL of organotriphosphonic acid (ami-
notrimethylenephosphonic acid) solution. The resulting 
biomasses were filtered and dried, then, the treated sample 
was thermochemically reacted at 120°C for 4 h. The prod-
ucts obtained were mixed in deionized water for 30 min, 
then filtered, and washed with deionized water three times. 
Finally, organotriphosphonic acid modified japonica shells 
(OTPA-JS) were dried in the vacuum oven at 45°C for 48 
h. All the analytical chemicals were purchased from Sin-
opharm Chemical Reagent (Shanghai) Co. Ltd., and used 
as received without further purification, and all solutions 
were prepared with deionized water. Stock solutions of con-
taining various metal ions at a certain concentration were 
prepared by dissolving their relative metal salts in deion-
ized water. 

Infrared spectra (FT-IR) of samples were reported in the 
range of 4000–400 cm–1 with a resolution of 4 cm–1, by accu-
mulating 32 scans using a Nicolet MAGNA-IR 550 (series 
II) spectrophotometer. The morphology of the products 
was examined on JEOL JSF5600LV scanning electron micro-
scope. Thermogravimetric analysis (TG) was recorded on a 
Netzsch STA 409, Test conditions: type of crucible, DTA/TG 
crucible Al2O3; nitrogen atmosphere, flow rate 30 mL/min; 
heating rate: 10 K/min. Powder X-ray diffraction (XRD) 
data were obtained using a Rigaku Max-2500VPC diffrac-
tometer (Rigaku Co., Japan) with Cu-Kα1 radiation (λ = 
1.54056 Å). The XPS (X-ray photoelectron spectroscopy) 
measurement was made on a Perkin-Elmer PHI 550-ESCA/
SAM photoelectron spectrometer operated at 10 kV and 30 
mA. High resolution XPS spectra were generated with the 
analyzer pass energy setting at 10 and 50 eV, respectively. 
Atomic absorption analysis of transition metal ions was 
performed with a flame atomic absorption GBC-932A spec-
trophotometer (GBC Co., Australia).

2.2. Computational details

Theoretical calculations of the cellulose with amino-
trimethylenephosphonic acid group have been performed 
with the Gaussian 03 program [15] using the B3LY-
P/6-31+G(d) basis set to obtain the optimized molecular 
structure and vibrational wavenumbers. The frequencies 
for the required structure were evaluated at the B3LY-
P/6-31+G(d) level to ascertain the nature of stationary 
points, and the harmonic vibrational wavenumbers were 
calculated using the analytical second derivatives to con-
firm the convergence to a minimum of the potential surface. 
Moreover, Mulliken atomic charges of the cellulose with 
organotriphosphonic acid group were also obtained at the 
B3LYP/6-31+G(d) level.

2.3. Biosorption experiments for heavy metals

Static adsorption experiment was employed to deter-
mine the adsorption capacities of JS and OTPA-JS for dif-
ferent kinds of heavy metal ions. The static adsorption 
experiments were carried out with shaking 20.0 mg of 
adsorbents with 20 mL of metal ion solution (2.0 mmol/L). 
The mixture was equilibrated for 24 h on a thermo-
stat-cum-shaking assembly at 25°C.
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The adsorption amount was calculated according to 
Eq. (1):

q
C C V

W
o e=

−( )
 (1)

where q is the adsorption amount (mmol/g); Co and Ce are 
the initial and equilibrium concentrations of metal ions 
(mmol/mL) in solution, respectively; V is the volume of the 
solution (mL); W is the weight of JS/ OTPA-JS used (g).

2.4. Competitive adsorption

In order to investigate the adsorption selectivity of the 
adsorbent OTPA-JS for Au(III), 20.0 mg of the adsorbents were 
added into 20 mL solutions (binary system which containing 
equal initial concentrations (2.0 mmol/L) of Au(III) ion and 
other coexisting metal ions) and the mixture was shaken for 
12 h. The solutions were separated from the adsorbents after 
adsorption behavior and the concentration of metal ions was 
detected by atomic absorption spectrometer.

2.5. Effect of pH on adsorption

The effect of pH on the adsorption of Au(III) was stud-
ied by adding 20.0 mg of JS/OTPA-JS adsorbent to 2.43 
mol/L Au(III) at different pH values (1.5–6.0) in 100 mL 
Erlenmeyer flask. The mixture was equilibrated for 24 h 
on a thermostat-cum-shaking assembly at 25°C. The solu-
tions were separated from the adsorbents after adsorption 
behavior and the concentration of gold ions was detected 
by atomic absorption spectrometer.

2.6. Effect of adsorbent dosage on adsorption

The effect of adsorbent on the adsorption of Au(III) 
was studied by adding some JS/OTPA-JS adsorbent (10.0 
mg–60.0 mg) to 2.43 mol/L Au(III) at pH = 2.5 in 100 mL 
Erlenmeyer flask. The mixture was equilibrated for 12 h 
on a thermostat-cum-shaking assembly at 25°C. The solu-
tions were separated from the adsorbents after adsorption 
behavior and the concentration of gold ions was detected 
by atomic absorption spectrometer.

2.7. Adsorption isotherms

The isotherm adsorption property of the adsorbents was 
also investigated by batch tests. The adsorption isotherms 
were studied using 20.0 mg of JS/OTPA-JS adsorbent with 
the various gold ion concentrations (1.21–6.07 mmol/L) at 
pH 2.5 and at 15–35°C for 24 h.

2.8. Adsorption kinetics

The adsorption kinetics on the uptake of Au(III) ion by 
the adsorbent was studied by placing 20.0 mg of OTPA-JS 
adsorbent with 10 mL of metal ion solution in a series of 
flasks at pH = 2.5 and at 5–35°C with the concentration of the 
metal ion being 2.43 mmol/L. At a certain time interval, the 
adsorbents were filtrated after adsorption behavior and the 
concentrations of gold ions in solutions were determined.

2.9. Adsorption of gold/copper ions from industrial 
 wastewater

The feed solutions of the sample 1 and the sample 2 
were industrial wastewater collected from the manufacture 
lines of gold-plating. The adsorption experiments were con-
ducted by adding 20.0 mg of OTPA-JS adsorbents in 20 mL 
of metal ions solutions at ambient temperature. At a certain 
time interval, the adsorbent was filtrated and the concentra-
tions of Au(III)/Cu(II) ion in solutions were determined via 
atomic absorption spectrometer.

3. Results and discussion

3.1. Theoretic calculations of cellulose with aminotrimethylene-
phosphonic acid group

The organophosphonic acids are good candidates for 
coordinating with metal ions, in which the organic moi-
eties play a controllable spacer role and the phosphonic 
groups could coordinate with metal ions to exhibit inter-
esting architectures and possible functionalities [16]. 
Aminotrimethylenephosphonic acid possessed three 
phosphonic acid groups and a central nitrogen atom. In 
the present work, the introduction of the organotriphos-
phonic acid groups onto spent japonica shells can make 
the agricultural waste form stable chelating compounds 
with many heavy metal ions [17]. The phosphonic acid 
groups can provide several oxygen atoms to coordinate 
metal ions. The aim of chemical modification with the 
designed organotriphosphonic acid, which has oxygen 
donor atoms in phosphonic acid functional groups, is to 
make the material have excellent coordination properties 
with metal ions and to obtain the adsorbent with a high 
loading capacity for metal ions. Moreover, the formation 
of the coordination bonds, and the interaction of organo-
phoaphonic acid and heavy metal ions could reduce the 
potential risk of releasing the adsorbed heavy metal ions 
back into purified water.

OTPA-JS has been developed as described in the 
experimental details section, its preparation reaction is 
shown in Fig. 1. In order to design the title agricultural 
waste-based adsorbent material, we theoretically calcu-
lated the cellulose with aminotrimethylenephosphonic 
acid group at the B3LYP/6-31+G(d) level in advance, and 
the optimized structure of the cellulose with organotri-
hosphonic acid group is displayed in Fig. 2 (1), the cor-
responding selected bond lengths and bond angles were 
presented in Table S1 (available online in the supplemen-
tal materials). The P24-O25, P38-O41 and P39-O40 bond 
lengths are 1.5096 Å, 1.4925 Å and 1.4920 Å, respectively, 
which agrees with well with those values of phosphonic 
acid in Ref [18] and is slightly longer than the experimen-
tal value (1.47 Å). In addition, the P24-O15, P24-O26, P38-
O46, P38-O48, P39-O42 and P39-O44 bond lengths are 
in the range (1.6030 to 1.6343) Å, comparable to those in 
phosphonic acid (1.59–1.63) Å [18]. Moreover, the bond 
angles A(28, 24, 15/25/26), A(32, 38, 41/46/48) and A(35, 
39, 40/42/44) were produced with reasonable accuracy as 
well. Table S2 (available online in the supplemental mate-
rials) presented the Mulliken atomic charges of the modi-
fied triphosphonic acid group, and shows that the oxygen 
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atoms in phosphonic acid groups have more negative 
charges, and the Mulliken electronic populations of O15, 
O25, O26, O40, O41, O42, O44, O46 and O48 were –0.602, 
–0.966, –0.864, –0.714, –0.714, -–0.805, –0.818, –0.841 and 
–0.790, respectively, which made these oxygen atoms coor-
dinate with metal ions more easily. Therefore, the designed 
organic groups may provide a good adsorbent for the use 
in adsorbing metal ions from aqueous solutions. In addi-
tion, the observed and calculated IR spectrum is shown in 
Fig. 2 (2). In the calculated spectrum, the peaks at 3500–
3300 cm–1 were assigned to –OH stretching vibration, their 
peaks at 3100–3000 cm–1 were attributed to symmetric and 
asymmetric stretching vibration of –CH2, and the peaks at 
1000–800 cm–1 should be assigned to the skeletal vibration 
concerning the –PO3H2 groups. It could be seen that the 
calculated harmonic frequencies were a little larger than 
those experimental values. It is known that the calcula-
tions consistently overestimate the vibration frequencies, 
scaling the calculated harmonic frequencies could improve 
agreement with experiment [19]. After correcting these 
discrepancies by scaling the calculated wavenumbers with 
a 0.977 factor [20], the theoretical frequencies were in good 
agreement with the observed results.

3.2. Characterization of OTPA-JS

The aminotrimethylenephosphonic acid functional 
groups and structures on the surface of the adsorbent 
strongly affect its heavy metal adsorption capacity. Fig. 3(1) 
represents all the diffraction peaks of JS and OTPA-JS, and 
their XRD patterns indicated the amorphous nature of the 
material lacking any crystallinity. The result also showed 
that there was no an essential change occurred in topologi-
cal structure of JS before and after the modification reaction 
with aminotrimethylenephosphonic acid, which implied 
that JS was stable enough to experience the chemical modifi-
cation reactions. No new diffraction peak appeared after the 
facile preparation reaction meant that the modified function 
groups on the surface of JS existed in a form of non-crystal-
line state. XRD data showed that the organotriphosphonic 
acid treatment does not alter the structure of japonica shells. 
Fig. 3(2) shows SEM photographs of JS (inset) and OTPA-JS 
at 2000 times magnification. It is obvious that the surface 
of JS became rougher after the modification. More cavities 
on the surface of OTPA-JS might increase the contact areas 
and facilitate diffusion during adsorption process, which 
could improve its adsorption ability for metal ions from 
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aqueous media [20]. As expected, the organotriphosphonic 
acid functionalization does not lead to any observable 
surface changed as the functionalization is only a surface 
treatment. The particle appearances of these samples were 
similar, demonstrating that the particles of OTPA-JS had 
good mechanical stability and they had not been destroyed 
during the covalent functionalization reaction. The TG 
curve could reflect the thermal stability of the material, and 
the thermal stability of JS andOTPA-JS has been determined 
by thermal analysis, and the result is shown in Fig. 3(3). The 
thermal analysis represented several steps of decomposi-
tion in the temperature range of 25–800°C. The weight loss 
of 7.78 and 7.02% in the temperature range of 25–200°C cor-
responded to the release of physically adsorbed water in JS 
and OTPA-JS, respectively. Further weight loss above 200°C 
is due to the decomposition of the organic function groups. 
It is noted that there is almost no weight loss for OTPA-JS 
at 25–50°C, and the adsorbents usually are utilized below 
50°C. As a result, these data indicated that the resulting 
product OTPA-JS had good thermal stability and it should 
be applied at the temperature below 50°C, and it could be 
expected that OTPA-JS could present an adequate chemical 
and physical characteristics to adsorb metal ions due to the 
introduction of organotriphosphonic acid groups. 

3.3. Saturated adsorption for heavy metals

Saturated adsorption capacities for heavy metal ions 
were essential parameters for evaluating the adsorption 
ability of the adsorbents. Fig. 4 shows the static adsorption 
capacities of JS and OTPA-JS for Au(III), Hg(II), Cu(II), Pb(II), 
Ni(II), Co(II), Zn(II), Cr(III) and Cd(II) metal ions. Japonica 
shells without chemical modification have the adsorption 
ability for metal ions to some extent, and the static adsorp-
tion capacities of JS for Au(III), Hg(II) and Cu(II) were 0.34 
mmol/g, 0.52 mmol/g, and 0.43 mmol/g, respectively, 
and those for Pb(II), Ni(II), Co(II), Zn(II), Cr(III) and Cd(II) 
metal ions were 0.33 mmol/g, 0.29 mmol/g, 0.34 mmol/g, 
0.22 mmol/g, 0.17 mmol/g and 0.38 mmol/g, respectively. 
As is seen from Fig. 4, organotriphosphonic acid functional 
groups presenting in the biopolymer structure of japonica 
shells have obvious influence on the adsorption capacities 
for heavy metal ions in the aqueous solutions. The sur-
face modification could further provide binding sites and 

greatly improve the adsorption properties for some par-
ticular metal ions, especially for Au(III) ions from aqueous 
solutions. The adsorption capacities of JS and OTPA-JS for 
Au(III) ions were 0.34 mmol/g and 1.22 mmol/g, respec-
tively. The gold ions adsorption capacities of japonica shells 
was greatly enhanced after the functionalization of organo-
triphosphonic acid, OTPA-JS has the highest adsorption 
capacities for Au(III), and the phosphonic acid functional 
groups on the surface of japonica shells might possess high 
affinity for gold ions. 

3.4. Adsorption selectivity

The most important properties of an adsorbent material 
that influence its application are adsorption amount in addi-
tion to sorption selectivity which is basically an attribute 
of the functional groups of the adsorbent. Therefore, the 
adsorption selectivity is an indispensable factor for evalu-
ating the capacities of an adsorbent, by which the adsorbent 
can be used to adsorb a specific transition metal ions or to 
separate specific transition metal ions from a mixed metal 
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ions solution. In this study, the adsorption selectivity exper-
iments by OTPA-JS were carried out from Au(III)-Hg(II), 
Au(III)-Cu(II), Au(III)-Cd(II), Au(III)-Pb(II), Au(III)- Ni (II), 
Au(III)- Co(II), Au(III)- Zn(II), Au(III)-Cr(III), and Au(III)–
Cd(II) binary systems. The obtained results for gold(III) 
adsorption at 25°C are presented in Table 1. The selective 
coefficient was the ratio of adsorption capacities of metal 
ions in binary mixture: 

The selective coefficient =
q
q

’
’’

, where q’ is adsorption 

capacities of Au(III)ion in binary mixture and q’’ is adsorp-
tion capacities of the other metal ion in binary mixture. The 
results displayed that OTPA-JS had excellent adsorption for 
Au(III) in binary ions systems, especially in the systems of 
Au(III)–Co(II), Au(III)–Zn(II), Au(III)–Cr(III), and Au(III)–
Cd(II). The investigation on the adsorption selectivity 
showed that OTPA-JS displayed strong affinity for gold in 
the aqueous solutions and exhibited 100% selectivity for 
gold ions in the presence of Co(II), Zn(II), Cr(III) and Cd(II). 
As a result, this novel organotriphosphonic acid-modified 
japonica shell adsorbent has good adsorption properties 
and high capacity for Au(III), which can be applied for 
uptaking this precious metal element from aqueous solu-
tions. The above-mentioned research results show that the 
low-cost agricultural waste-based OTPA-JS is very favor-
able for the removal of precious metal ions, and the high 
adsorption capacity make it a good promising candidate 
material for Au(III) uptake. These findings suggest that 
OTPA-JS can probably be used in the extraction, separa-
tion and recovery of gold ions from a multi-ionic aqueous 
system. In the following part, the adsorption process of the 
japonica shells -based biomass adsorbents for gold ions was 
investigated particularly.

3.5. Effect of pH on gold adsorption

The pH value of the metal ions solution is one of the 
most important factors influencing the adsorption behavior 
of heavy metal ions on adsorbents. It not only impacts the 
surface structure of adsorbents and the formation status of 
heavy metal ions, but it may also influence the interaction 
between adsorbents and heavy metal ions. Moreover, it is 
well known that the chemical morphology of chlorogold 
complexes is an important factor influencing the adsorption 
behavior of gold in aqueous solutions. The molar fractions 
of these gold species were based on various conditions, 
such as the chloride ion and hydrogen ion concentrations 
as well as the temperature. The equilibrium constants (K) 
of gold chloride in solutions are shown in Eqs. (2)–(5)[21]:

Au(OH) H Cl AuCl(OH) H O24 3
− + − −+ + ⇔ +  K = 108.51 (2)

AuCl(OH) H Cl AuCl (OH) H O2 23 2
− + − −+ + ⇔ +  K = 108.06 (3)

AuCl (OH) H Cl AuCl (OH) H O2 3 22
− + − −+ + ⇔ +  K = 107.00 (4)

AuCl (OH) H Cl AuCl (OH) H O2 3 22
− + − −+ + ⇔ +  K = 106.07 (5) 

It is evident that the predominant complex of gold is 
AuCl4

– at pH < 3. Increasing the pH value of the solution 
would cause the hydrolysis of AuCl4

– to proceed, and thus 
hydrolyzed chlorogold complexes such as AuCl3(OH)– 

would appear in the aqueous chloride solution. In order 
to evaluate the effect of the initial pH on the adsorption 
behavior of gold ions, the adsorption experiments were 
conducted in the pH range of 1.5–6.0, and the effect of pH 
on the adsorption for Au(III) onto JS and OTPA-JS is illus-
trated in Fig. 5(1). The results showed that the solution pH 
has a significant effect on the adsorption capacity. In the case 
of the adsorbent OTPA-JS, lower adsorption capacity was 
observed when the adsorption was carried out at lower pH 
(<2.5). This is because the competition adsorption between 
Cl– and AuCl4

–  influenced the Au(III) adsorption on the pos-
itively charged sites of OTPA-JS with high concentration of 
Cl– [22]. The results also revealed that the adsorption was 
not obviously affected between pH 2.5–4.0, and thereafter 
(pH > 4.0), the adsorption capacity of gold ions by OTPA-JS 
declined significantly. The maximum adsorption capacity 
occurred at pH 2.5 and 4.0 which was found to be consistent 
with the literatures [23–25]. In the acidic chloride solution 
(pH between 2.5 and 4), the maximum adsorption capacities 
were achieved due to the surface charge of the adsorbents 
and the existent state of Au(III) ion in the aqueous solu-
tions. Many negatively charged chloro-anionic species of 
gold may be present in the solution, resulting in the greater 
electrostatic attraction between these species and protonated 
aminotrimethylenephosphonic acid groups of the adsor-
bent. However, on further increase of pH (>4.0) seems not 
to favor the gold adsorption. The reduction in adsorption 
capacity at higher pH values may be attributed to the rea-
son as follows: increasing solution pH causes the hydrolysis 
reaction of AuCl4

– to proceed, and thus hydrolyzed chloro-
gold complexes appear in the aqueous chloride solution. The 
increasing OH– in solution could compete with Cl– and form 
hydroxo-containing gold complex. The hydroxo complex of 
gold in solution and deprotonation of organoptriphosphonic 

Table 1
The adsorption selectivity of OTPA-JS for Au(III) (Au(III)
concentration: 2.0 mmol/L; concentration of coexisting metal 
ions: 2.0 mmol/L; T = 25°C )

System Metal ions Adsorbents 
capacity 
(mmol/g)

Selective 
coefficient

Au(III)–Hg(II) Au(III)
Hg(II)

1.07
0.02

αAu(III)/Hg(II) = 51

Au(III)–Cu(II) Au(III)
Cu(II)

1.09
0.002

αAu(III)/Cu(II) = 557

Au(III)–Pb(II) Au(III)
Pb(II)

1.10
0.02

αAu(III)/Pb(II) = 70

Au(III)–Ni(II) Au(III)
Ni(II)

1.07
0.003

αAu(III)/Ni(II) = 425

Au(III)–Co(II) Au(III)
Co(II)

0.97
0.00

αAu(III)/Co(II) = ∞

Au(III)–Zn(II) Au(III)
Zn(II)

1.15
0.00

αAu(III)/Zn(II) = ∞

Au(III)–Cr(III) Au(III)
Cr(II)

1.08
0.00

αAu(III)/Cr(III) = ∞

Au(III)–Cd(II) Au(III)
Cd(II)

1.06
0.00

αAu(III)/Cd(II) = ∞
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acid groups would lead to a decrease in electrostatic attrac-
tions between the negatively charged Au(III) anions and the 
positively charges adsorption sites of OTPA-JS. The pHs of 
real Au(III) samples/effluents from electroplating industrial 
wastewater are usually in the range of 2–3 [26,27], therefore, 
all the following experiments were performed at pH 2.5. The 
effect of pH for the unmodified adsorbent JS had the similar 
change trend,the adsorption capacity of JS for gold ions was 
174.28 mg/g at pH 2.5, which was much lower than that of 
OTPA-JS (316.09 mg/g).

3.6. Effect of adsorbent dosage on gold adsorption

The effect of adsorbent dosage on the adsorption for 
Au(III) onto JS and OTPA-JS is illustrated in Fig. 5(2), the 
adsorption experiments were conducted in the adsorbent 
dosage range of 10.0–60.0 mg, it was clear that the adsorp-
tion capacities at the adsorption equilibrium increased and 
then decreased with the increase of adsorbent dosage, and 
the good adsorption capacities of the adsorbent for Au(III) 
exhibited with 20.0 mg of OTPA-JS. Though further increas-
ing adsorbent dosage can be attributed to increased the bio-
mass surface area and the availability of more adsorption 
sites. Nevertheless, the values of Au(III) uptake decreased 
with increasing the adsorbent dosage. The reason might be 
that higher biomass dosage could result in aggregates of 
functionalized adsorbent OTPA-JS, and might cause inter-
ference between binding sites at higher biomass dosage or 
insufficiency of metal ions in the solutions with respect to 
available binding sites. The adsorption capacity of JS (20.0 
mg) was 180.74 mg/g, by contrast, that of OTPA-JS (20.0 
mg) was 316.03 mg/g. It is evident that organotriphos-
phonic acid-modification benefited OTPA-JSA with a gold 
adsorption superior to JS.

3.7. Adsorption isotherms

The biosorption isotherms were characterized by 
definite parameters, whose values could express the sur-

face properties and affinity of the biosorbent for metal 
ions, and the relationship between equilibrium adsorp-
tion capacity and equilibrium concentration at a certain 
temperature were studied. The adsorption isotherms 
of JS and OTPA-JSat different temperatures were stud-
ied and the results are shown in Fig. 6(1). The absorp-
tion capacities of JS and OTPA-JS for gold ions increased 
with the increase of temperature. At a certain tempera-
ture, it was explicit that the adsorption capacity of gold 
ions rose with the increase of the equilibrium concentra-
tion for unmodified japonica shells and organotriphos-
phonic acid-modified japonica shells. It is obvious that 
the adsorption capacities of OTPA-JS for gold ions were 
greater than those of JS over the whole concentration 
range.

To further understand the adsorption mechanism, in 
this study, three isotherm models were selected to fit the 
experimental data, namely the Langmuir, Freundlich and 
D-R isotherm models. The Langmuir model assumes that 
the uptake of metal ions occurs on a homogeneous surface 
by monolayer adsorption without any interaction between 
adsorbed ions. The Freundlich model assumes that the 
uptake or adsorption of metal ions occurs on a heteroge-
neous surface by monolayer adsorption [28]. In order to 
well understand the adsorption behaviors, we employed 
the Langmuir Eq. (6) and the Freundlich Eq. (7) (see Fig. 
6(2) and Fig. 6(3)) to fit the experimental data, respectively 
[29,30]:

C
q

C
q qK

e

e

e

L

= +
1  (6)

ln ln
ln

q K
C
ne F

e= +  (7)

where qe is the equilibrium metal ion concentration on the 
adsorbent, mg/g; Ce is the equilibrium concentration of 
gold ions, mg/L, q is the saturated adsorption capacity, 
mg/g; KL is the Langmuir constant, L/mg; n is the Fre-
undlich constant and KF is the binding energy constant 
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Fig. 5. (1) Effect of pH on the adsorption for Au(III) on JS and OTPA-JS; (2) Effect of JS and OTPA-JS dosage on the adsorption for 
Au(III).
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reflecting the affinity of the adsorbents to metal ions, 
mg/g. The parameters for the isotherms obtained from 
Fig. 6(2) and Fig. 6(3) are presented in Table 2. To quan-
tify the prediction of isotherm constants more directly, 
the deviation of the fitted values and the experimental 
values for the Langmuir (a) and Freundlich (b) isotherms 
was plotted as shown in Fig. S1 (available online in the 
supplemental materials). The profile indicated that the 
predictions of the Langmuir isotherm were closer to the 
measured equilibrium values than those of the Freun-
dlich isotherm for the entire range of concentrations and 
temperatures, especially for the adsorbent OTPA-JS. For 
the Langmuir isotherm, the range of the magnitude or 
variation of derivation (error) of OTPA-JS (0.085 mg/g–1 
–0.039 mg/g) was smaller generally than that of JS (0.38 
mg/g–1–0.17 mg/g). Moreover, the data fitting of the 
adsorption equilibrium for gold ions by OTPA-JS at 25°C 
was presented in Table S3 (available online in the sup-
plemental materials). Just as mentioned in Ref [31], the 
related procedure to estimate parameters utilized the 
concept of minimizing the objective function. To estimate 
the isotherm constants, sum of absolute error (SAE), aver-
age relative error (ARE), and sum of the square of error 
(SSE) were used as objective function, respectively, which 
were minimized. The equilibrium values predicted from 
the isotherms are termed as linear transformed method, 
denoted as LTFM [31]. The optimum (minimum) of error 
function yielded minimum standard deviation and mini-

mum variance of error, thus offering the optimal values of 
the parameters that underlined the characteristics of the 
isotherms. As seen from Table 2 and Table S3, the R2 val-
ues obtained from the Langmuir model are much closer 
to 1 than those from the Freundlich model, suggesting 
the Langmuir model are better than the Freundlich model 
to fit the adsorption isotherms of JS and OTPA-JS for 
Au(III), and the fitting results of the Langmuir isotherm 
provided better predictions and closer to experimental 
values. The Langmuir model assumes the adsorbent has 
a finite number of binding sites with all sites having the 
same binding power and the adsorption of each site is 
independent of each other. As a result, the adsorption of 
JS and OTPA-JS for gold ions was attributed to mono-
layer adsorption, monolayer complexation between gold 
ions and the adsorption substrate is the dominant cover-
age in these samples. The maximum adsorption capacity 
of JS and OTPA-JS obtained by Langmuir isotherm for 
Au(III) adsorption was 271.74 mg/g and 523.56 mg/g at 
35°C, respectively. It was clear that the adsorption capac-
ity of OTPA-JS was more higher than that of JS, in addi-
tion, it was relatively high when compared with several 
other adsorbents such as L-lysine modified crosslinked 
chitosan resin, thiol cotton fiber, alfalfa biomass, etc [32–
36]. The above-mentioned research results show that the 
agricultural waste-based adsorbent organotriphosphonic 
acid-modified japonica shell isvery useful for the biore-
moval of gold ions.
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Fig. 6. (1) The isothermal adsorption of the agricultural waste-based adsorbent JS and OTPA-JS for Au(III) at different temperatures; 
(2) The Langmuir isotherms of the adsorbent JS and OTPA-JS for Au(III) at different temperatures; (3) The Freundich isotherms of 
the adsorbent JS and OTPA-JS for Au(III) at different temperatures..

Table 2
Isotherm parameters of the Langmuir, Freundlich and Dubinin-Radushkevich models for the adsorption for gold ions onto JS and 
OTPA-JS

Adsorbents T
(°C)

Langmuir Freundlich Dubinin-Radushkevich

q
(mg/g)

KL

(L/mg)
R2 KF

(mg/g)
n R2 lnqmax 

(mol/g)
β×108

(mol2/ J2)
E
(kJ/mol)

R2

JS 15 147.71 0.0066 0.9965 29.76 4.7840 0.9874 –6.86 –3.07 12.76 0.9871
25 220.75 0.0065 0.9796 44.65 4.8230 0.8639 –6.51 –2.66 13.71 0.8332
35 271.74 0.0126 0.9943 73.24 5.6026 0.9673 –6.30 –2.02 15.73 0.9523

OTPA-JS 15 322.58 0.0137 0.9801 129.37 8.5463 0.8666 –6.32 –1.31 19.54 0.8118
25 431.03 0.0604 0.9983 230.47 11.17 0.9916 –6.05 –0.70 26.73 0.9635
35 523.56 0.1713 0.9979 354.92 16.79 0.9689 –5.84 –0.50 31.62 0.9752
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The equilibrium data were also subjected to the D-R iso-
therm model to determine the nature of adsorption process. 
The D-R isotherm equation [37] is: 

ln ln maxq qe = − βε2  (8)

where qe is the amount of metal ions adsorbed on per unit 
weight of adsorbent, mol/g; qmax is the maximum adsorp-
tion capacity, mol/g; β is the activity coefficient related to 
adsorption mean free energy, mol2/J2; ε is the Polanyi poten-
tial (ε = RT ln(1 + 1/Ce)). The values of mean free energy (E, 
kJ/mol) can be calculated by using β values:

E =
−
1
2β

 (9)

It is known that magnitude of apparent adsorption 
energy E is useful for estimating the type of adsorption 
and if this value is below 8 kJ/mol the adsorption type can 
be explained by physical adsorption, between 8 and 16 kJ/
mol the adsorption type can be explained by ion exchange, 
and over 16 kJ/mol the adsorption type can be explained 
by a stronger chemical adsorption than ion exchange [38]. 
The results of the D-R adsorption isotherm for Au(III) from 
simulated wastewater onto JS and OTPA-JS are shown in 
Fig. 7(1) and Fig. 7(2) and Table 2. The data in Table 2 dis-
played that the E values of JS at different temperatures 
were between 8 kJ/mol and 16 kJ/mol, however, those E 
values of OTPA-JS were greater than 16 kJ/mol, indicating 
that the adsorption processes of gold ions onto OTPA-JS in 
aqueous solutions was carried out by chemical adsorption 
mechanism, which implied that this adsorption mecha-
nism was different from ion exchange mechanism for the 
adsorbent JS.

3.8 Adsorption kinetics

Kinetics involves the study of the rates of chemical 
process and facilitates an understanding of the factors that 
affect those rates. The study of chemical kinetics includes 

careful monitoring of the experimental conditions that 
influence the speed of a chemical reaction in its race 
toward equilibrium. These investigations could provide 
information about the possible adsorption mechanisms 
and the data obtained is used to develop appropriate 
models to describe the interactions. The adsorption kinet-
ics of OTPA-JS for Au(III) were investigated at 15–35°C 
to determine the adsorption equilibrium time, and the 
results are shown in Fig. 8(1). It was clear that from the 
figure that the adsorption capacities of OTPA-JS for Au(III) 
increased with the extension of contact time, it was obvi-
ous that in the first 120 min, the adsorption was rapid, 
and then slowed considerably. The reason perhaps is that, 
Au(III) ions might enter easily the accessible pore sites and 
bind with the chelating ligands in initial fast adsorption 
step. While in the slow adsorption step, some gold ions 
might be hampered to diffusion into the deeper pores. As 
a significant practical importance, the rapid kinetics will 
facilitate smaller reactor volumes ensuring efficiency and 
economy. It could be observed that the modified japonica 
shells required 14 h to reach adsorption equilibrium. Thus 
its excellent adsorption capacity for Au(III) was 357.89 
mg/g when the initial solution concentration was 2.43 
mmol/L at 35°C.

The adsorption procedure of adsorbents for metal ions 
is generally considered to take place through two mecha-
nisms of film diffusion and particle diffusion. In order to 
distinguish film diffusion from particle diffusion controlled 
adsorption, the kinetics experimental results were usually 
analyzed by the Boyd equation and the Reichenberg equa-
tion [39–41]. The relevant equations are given as follows:
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where n is an integer that defines the infinite series solution; 
Di is the effective diffusion coefficient of metal ions in the 
adsorbent phase; r0 is the radius of the adsorbent particle, 
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Fig. 7. The Dubinin-Radushkevich isotherms of JS (1) and OTPA-JS (2) for gold ions at different temperatures.
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assumed to be spherical; F is the fractional attainment of 
equilibrium at time t and is obtained by the expression:

F
q
q

t=
0

 (12)

where qt is the amount of adsorbate taken up at time t and 
q0 is the maximum equilibrium uptake.

B
D

r
i= =

π2

0
2  time constant (13)

Values of Bt were obtained from corresponding values 
of F. Bt values for each F were given by Reichenberg and 
the results are plotted in Fig. 8(2), and Bt–F fitting results 
are shown in Table 3. Plots of Bt versus time of gold ions 
adsorption onto OTPA-JS at 15–35°C were employed to dis-
tinguish between the film diffusion and particle diffusion 
controlled adsorption. If the plots were straight line pass-
ing through the origin, the adsorption process should be 

governed by the particle diffusion mechanism, otherwise, 
it might be dominated by the film diffusion. As shown 
in Fig. 8(2), the lines of Bt versus time plots did not pass 
through the origin in the cases studied, demonstrating the 
film diffusion, not the particle diffusion, dominated the 
adsorption processes of OTPA-JS for Au(III) from simulated 
wastewater solutions.

The pseudo-first-order and pseudo-second-order mod-
els are usually used to test the experimental data and thus 
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Fig. 8. (1) Adsorption kinetics of Au(III) on OTPA-JS at different temperatures; (2) Bt versus time plots for OTPA-JS at different tem-
peratures; (3) Pseudo-first-order kinetic plots for the adsorption of Au(III) onto OTPA-JS at different temperatures; (4) Pseudo-sec-
ond-order kinetic plots for the adsorption of Au(III) onto OTPA-JS at different temperatures.

Table 3
The linear equations of Bt versus time and the coefficients R2

T(°C) Linear equation R2

15
25
35

Bt = 0.00469t – 0.11529
Bt = 0.00391t – 0.15097
Bt = 0.00341t – 0.14738

0.8737
0.8624
0.8444
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express the adsorption kinetic process [42,43], and they can 
be expressed by Eqs. (14) and (15), respectively:

ln lnq q q k te t e−( ) = − 1  (14)

t
q k q

t
qt e e

= +
1

2
2

 (15)

where qe is the amount of metal adsorbed at equilibrium per 
unit weight of adsorbent, mg/g, qt is the amount of metal 
ion adsorbed at t time, mg/g, k1 (min−1) and k2 (g/mg min) 
are the rate constants of pseudo-first-order and pseudo-sec-
ond-order adsorption. The experimental and calculated qe 
values, k1, k2 and regression coefficient (R2) values obtained 
from pseudo-first-order and pseudo-second-order kinetic 
models are shown in Table 3.

The pseudo-first-order kinetic and pseudo-second-order 
kinetic plots and kinetic parameters for the adsorption of 
gold ions onto OTPA-JS at different temperatures are shown 
in Fig. 8(3) and Fig. 8(4), respectively. As can be seen from 
Table 4, the obtained coefficients values of the pseudo-sec-
ond-order model (>0.9595) were better than those of the 
pseudo-first-order model for the adsorbent (0.8819–0.8886), 
suggesting the pseudo-second-order model was more suit-
able to describe the adsorption kinetics of OTPA-JS for 
Au(III). Moreover, the calculated qe values depending on the 
pseudo-second-order model were much closer to the exper-
imental values qe(exp). Therefore, the adsorption kinetics 
could well be approximated more favorably by the pseu-
do-second-order kinetic model for gold ions from aqueous 
solutions onto OTPA-JS. Based on the kinetics analyses, it 
is clear that the introduction of organoptriphosphonic acid 
functional groups onto japonica shells has greatly enhanced 
the effective removal rate of gold ions.

The magnitude of activation energy (Ea) can provide 
information about whether the adsorption process is phys-
ical or chemical. The activation energy of the adsorption 
process was calculated by the Arrehenius Eq. (16):

ln lnk
Ea
RT

A= − +   (16)

where k is the pseudo-second-order rate constant of sorp-
tion (g/mg⋅min), A is the Arrhenius constant which is a 
temperature independent factor (g/mg⋅min), Ea is the acti-
vation energy of sorption (kJ/mol), R is the gas constant 
(8.314 J/mol K) and T is the absolute temperature (K). A 
straight line with slope −Ea/R of ln k vs. 1/T is obtained 
(Fig. S2, available online in the supplemental materials). 
The obtained activation energy value for OTPA-JS was 
–38.82 kJ/mol, which was greater than that of Ea (16.29 

kJ/mol) reported by Fujiwara et al. [32]. The requirements 
of the physical adsorption activation energy are relatively 
small, generally not more than 4.2 kJ/mol. However, chem-
ical adsorption is specific, and the forces are much stronger 
than in physical adsorption [44]. Therefore, the result sug-
gests that the adsorption of Au(III) on OTPA-JS is chemical 
adsorption.

3.9. Determination of the thermodynamics parameters

Thermodynamic parameters were evaluated to confirm 
the nature of the adsorption of gold ionsby OTPA-JS. The 
thermodynamic parameters including the Gibbs free energy 
(∆G), enthalpy change (∆H) and entropy change (∆S) were 
calculated to evaluate the thermodynamic feasibility and 
spontaneous nature of the process. They were determined 
using the following equations [32,45]:
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∆G RT Kc= − ln  (19)

where Ce and CAe are the equilibrium concentration in 
solution (mg/L) and the solid phase concentration at 
equilibrium (mg/L), respectively. Kc is the partition coef-
ficients of each temperature. R is the gas constant (8.314 
J/mol K), and T is the temperature in Kelvin. Using the 
above relationships, the thermodynamic parameters, 
including the standard free energy change (∆G), enthalpy 
change (∆H) and entropy change (∆S), were calculated 
from the variation of the thermodynamic equilibrium con-
stant Kc with respect to temperature. As shown in Fig. S3 
(available in the Supplemental Material), from the slope 
and y-intercept of the linear plot of ln Kc versus 1/T, the 
changes of enthalpy and entropy could be obtained. The 
thermodynamic parameters were listed in Table 4. The 
adsorption thermodynamic parameters ∆G, ∆H and ∆S 

Table 4
The adsorption kinetic parameters of OTPA-JS for Au(III)

T (°C) qe (exp)
(mg/g)

Pseudo-first-order kinetics Pseudo-second-order kinetics

K1

(min–1)
qe (cal)
(mg/g)

R1
2 K2*10–3

(g/mg·min)
qe (cal)
(mg/g)

R2
2

15 205.01 0.0050 162.65 0.8883 0.0580 218.82 0.9926
25
35

290.57
357.89

0.0044
0.0038

244.58
300.74

0.8819
0.8886

0.0296
0.0203

314.47
389.11

0.9595
0.9841

Table 5
The thermodynamic parameters of OTPA-JS for Au(III)

T (°C) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/K⋅ mol)

15
25
35

–96.33
–99.68
–103.02

96.87 334.81
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were –103.02 kJ mol−1 (35°C), 96.87 kJ mol−1, and 334.81 J 
K−1 mol−1, respectively (Table 5). The positive value of ∆H 
reflected an endothermic nature of gold adsorption onto 
OTPA-JS and indicated that the adsorption was favored 
at high temperature, which was supported by the increase 
of gold adsorption onto OTPA-JS with rising tempera-
ture. ∆H of chemical adsorption is larger than 40 kJ/mol, 
therefore, the adsorption of gold ions onto OTPA-JS could 
be regarded as a chemisorption process. The positive ∆S 
suggested increased randomness at the solid/solution 
interface during the adsorption of gold ions from simu-
lated wastewater onto OTPA-JS. The negative value of ∆G 
for gold ions adsorption on OTPA-JS indicated that the 
adsorption process was spontaneous. The values of ∆G 
became more negative with increasing temperature, as the 
temperature increased, the absolute values of ∆G increased 
accordingly, which indicated that the adsorption process 
was more favorable at high temperature. A more negative 
data of ∆G implies a greater driving force of adsorption, 
resulting in a higher adsorption capacity. The adsorption 
on solids is classified into physical adsorption and chemi-
cal adsorption, however, the dividing line between them is 
not very clear. Physical adsorption is nonspecific, and the 
variation of energy for physical adsorption is usually sub-
stantially smaller than that of chemical adsorption, which 
are highly specific. Generally, the data ∆G for physisorp-
tion are between –20 and 0 kJ/mol and for chemisorption 
is between –80 and –400 kJ/mol [46]. When the tempera-
ture increased from 15 to 35°C for gold adsorption onto 
OTPA-JS, ∆G increased from –96.33 to –103.02 kJ/mol. 
This can be considered as chemical adsorption and more 
favorable at high temperature. Therefore, the thermody-
namics results implied the chemisorption might dominate 
the adsorption of gold ion onto OTPA-JS. The thermody-
namic data were in good agreement with chemical adsorp-
tion mechanism derived by the above mentioned results of 
D-R isotherm and the activation energy value of the gold 
ions adsorption process. 

3.10. Adsorption mechanism of Au(III) ions on OTPA-JS

D-R isotherm and thermodynamic study, the obtained 
activation energy value for OTPA-JS indicated that the 
process was chemical in nature. In order to make the gold 
adsorption process clear, furthermore, some methods 
of analysis have been used to study the corresponding 
adsorption mechanism. Fig. 9 (1) shows the FTIR spectra 
of unloaded and Au-loaded OTPA-JS. A strong adsorp-
tion peak was observed for both unloaded and Au-loaded 
OTPA-JS at 3435 cm–1, which may be assigned to OH 
stretching vibration in hydroxyl groups. There was an 
obvious reduction in the hydroxyl stretching band, in addi-
tion, the band at 2841 cm–1 assigned to (P)-O-H stretching 
vibration before adsorption was obviously weakened after 
adsorption, which was associated with the interactions 
between the phosphonic acid groups on OTPA-JS with 
gold ions. Some other peaks, which may attributed to cer-
tain functional groups were shifted the adsorption, signi-
fying the feasible participation of the functional groups on 
the surface of OTPA-JS. For example, the –CH2- symmetric 
stretching at 2920 shifted to 2929 cm–1. The results further 
confirmed the complexation of organophosphonic acid 

and gold ions during the heavy metals removal process. 
The XPS of OTPA-JS-Au is shown in Fig. 9(2), and it could 
be seen that the binding energies of Au4f5/2 and Au4f7/2 
were 87.317 and 83.707 eV, respectively. Compared with 
the standard binding energy, the binding energy of 
Au4f5/2 has shifted to the low energy direction, and the 
binding energy of Au4f7/2 has shifted to the high energy 
direction to some extent, which indicated that there were 
the interactions between gold and the surface molecules 
of the adsorbent OTPA-JS. The SEM image of OTPA-JS 
after adsorption is shown in Fig. 9(3). Obviously, there 
were a number of elemental gold distributed on the sur-
face of OTPA-JS after adsorption. It was probably because 
that Au(III) ions were reduced to Au(0) after adsorption 
since organophosphonic acid has reducibility and the cor-
responding in situ reduction reaction was carried out. The 
generation of Au(0) on OTPA-JS after the adsorption was 
elucidated by XRD patterns shown in Fig. 9(4). These par-
ticles were proved to be metallic gold since the character-
istic peaks of gold at 2θ = 38.0°, 44.1°, and 64.3° appeared 
in the X-ray diffraction pattern of OTPA-JS-Au, which cer-
tainly belonged to elemental gold verifying the reduction 
of Au(III) to Au(0) [25]. This suggested Au(III) underwent 
subsequent reduction after being adsorbed onto OTPA-JS 
surface. Therefore, the initial chemisorptions of Au(III) 
ions by OTPA-JS, which were dominated by electrostatic 
attraction and chelation, were followed by simultaneous 
reduction to metallic gold form, and the schematic repre-
sentation of the process and predicted adsorption mecha-
nism is shown in Fig. 10. In the present process, conversion 
of gold ions to metallic gold was achieved without use of 
any external reducing agents.

3.11. Applications of OTPA-JS for adsorption of gold/copper 
ions from gold-plating wastewater

The adsorption abilities of OTPA-JS have also been 
investigated in the industrial wastewater systems (sample 1 
and sample 2). The adsorption kinetics results of Au(III) and 
Cu(II) onto OTPA-JS from sample 1 and sample 2 at ambient 
temperature are shown in Fig. 11(1) and Fig. 11(4), respec-
tively. It was clear that the adsorption capacities of OTPA-JS 
for Au(III) increased with the extension of contact time, the 
adsorption was rapid in the first 360 min and 240 min for 
sample 1 and sample 2, respectively, and then slowed con-
siderably. However, the adsorption capacities of OTPA-JS 
for Cu(II) kept low during the whole adsorption process. It 
followed the order of Au(III) > Cu(II), which is in the order of 
increasing ionic radius of the metal ions studied. The greater 
the ionic radius, the smaller is the hydrated ionic radius and 
greater is the affinity of the heavy metal ions on the active 
sites of the adsorbent. The pseudo-first-order kinetic and 
pseudo-second-order kinetic plots and kinetic parameters 
for the adsorption of Au(III) and Cu(II) onto OTPA-JS at 
room temperature are shown in Figs. 11(2), 11(3), 11(5), 11(6) 
and Table 6. As can be seen from Table 6, the obtained coef-
ficients values of the pseudo-second-order model (>0.9431) 
were better than those of the pseudo-first-order model for 
the adsorbent (0.8401–0.8976), suggesting the pseudo-sec-
ond-order model was more suitable to describe the adsorp-
tion kinetics of OTPA-JS for Au(III) and Cu(II) in gold-plating 
wastewater. This reveals that the rate limiting step may be 
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chemical adsorption involving valence forces through shar-
ing or exchange of electrons between OTPA-JS and metal 
ions, and in situ reduction reaction. The high affinity of the 
agricultural waste-based adsorbent OTPA-JS toward gold 
ion binding at low pH and ambient temperature will work 
well in the conditions of industrial waste effluents. 

4. Conclusions

In this work, the feasibility of using a organotriphos-
phonic acid modified japonica shells for adsorption of gold 
ions from wastewater has been investigated. Organotri-
phosphonic acid functional groups have been successfully 
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Table 6
Kinetic parameters of the adsorption of Au(III) and Cu(II) onto OTPA-JS from the sample 1 and the sample 2 from industrial gold-
plating wastewater

Samples Ions qe(exp)
(mg/g)

Pseudo-first-order kinetics Pseudo-second-order kinetics

K1

(min–1)
qe(cal)
(mg/g)

R1
2 K2*10–3

(g/mg·min)
qe (cal)
(mg/g)

R2
2

1 Au(III) 211.74 0.0030 183.88 0.8920 0.0241 233.64 0.9432
Cu(II) 3.66 0.0061 5.53 0.8401 0.5822 5.15 0.9702

2 Au(III) 149.63 0.0053 132.42 0.8976 0.0453 173.01 0.9852
Cu(II) 2.23 0.0037 2.39 0.8627 1.1717 2.85 0.9431

introduced on the surface of japonica shells, which greatly 
enhanced their adsorption for heavy metals ions, espe-
cially for gold ions. The adsorption selectivity showed that 
OTPA-JS displayed strong affinity for gold in the aqueous 
solutions and exhibited 100% selectivity for gold ions in the 
presence of Co(II), Zn(II), Cr(III) and Cd(II).The investiga-
tion indicated the best interpretation for the experimental 
data was given by the Langmuir isotherm equation, the 
maximum adsorption capacities of JS and OTPA-JS at 35°C 
were 271.74 and 523.56 mg/g, respectively. The adsorp-
tion kinetics of OTPA-JS can be modeled by pseudo sec-
ond-order rate equation wonderfully, the activation energy 
value for Au(III) onto OTPA-JS was –38.82 kJ/mol and the 
adsorption thermodynamic parameters ∆G, ∆H and ∆S 
were –103.03 kJ⋅mol–1, 96.87 kJ⋅mol–1, and 334.82 J⋅ K–1⋅mol–1, 
respectively. The adsorption mechanism was elucidated 

as the electrostatic attraction/chelation – in situ organotri-
phosphonic acid reduction mechanism, and conversion of 
gold ions to metallic gold was achieved without use of any 
external reducing agents. The applications of OTPA-JS for 
Adsorption of gold/copper ions from gold-plating waste-
water were also carried out. From the practical point of 
view, the high adsorption capacity and good adsorption 
selectivity make the organotriphosphonated japonica shells 
have a significant potential for uptaking specious metal 
ions from industrial wastewater using adsorption method.
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Table S1
Selected geometrical parameters of the cellulose with 
organotriphosphonic acid group obtained at the B3LYP/6-
31+G(d) level, and the atom labels are according to Fig. 1

Bond length (Å) Bond angle (°) Dihedral angle (°)

C1–C3 1.5322 A(1,3,7) 109.8 D(2,1,3,7) 57.8
C1–O5 1.4223 A(3,1,5) 112.0 D(4,1,3,7) –60.6
O5–H6 0.9725 A(1,3,17) 106.4 D(5,1,3,17) 57.4
C1–C4 1.5371 A(3,7,9) 110.1 D(2,1,4,21) 158.9
C3–C7 1.5479 A(3,7,19) 108.5 D(3,1,4,22) 157.0
C4–C10 1.5384 A(1,4,10) 109.0 D(16,3,7,8) 144.0
C7–O9 1.4375 A(1,4,22) 111.4 D(1,3,17,18) –163.5
O9–C10 1.4423 A(7,9,10) 111.9 D(1,4,10,9) 26.9
C10–C12 1.5201 A(4,10,9) 109.3 D(22,4,10,11) 147.3
C12–O15 1.4488 A(4,10,12) 115.5 D(8,7,19,20) 74.7
O15–P24 1.6281 A(10,12,15) 111.1 D(7,9,10,12) 160.3
P24–O26 1.6120 A(15,24,25) 113.0 D(4,10,12,15) 169.8
O26–H27 0.9814 A(15,24,26) 106.3 D(10,12,15,24) 64.2
P24–O25 1.5096 A(15,24,28) 104.0 D(12,15,24,25) –95.4
P24–C28 1.8346 A(25,24,28) 114.0 D(25,24,26,27) 54.7
C28–N31 1.4615 A(26,24,28) 103.3 D(24,28,29,30) 63.8
N31–C32 1.4594 A(24,28,29) 109.5 D(25,24,28,29) –175.2
N31–C35 1.4493 A(24,28,31) 110.2 D(24,28,31,32) 121.9
C32–P38 1.8437 A(28,31,32) 117.6 D(29,28,31,35) 31.5
P38–O41 1.4925 A(28,31,35) 116.5 D(28,31,32,38) –61.2
P38–O46 1.6252 A(31,32,33) 108.4 D(33,32,38,41) –164.2
P38–O48 1.6030 A(31,32,38) 112.0 D(36,35,39,44) 53.3
C35–P39 1.8475 A(32,38,41) 113.8 D(48,38,46,47) 108.9
P39–O40 1.4920 A(32,38,48) 106.1 D(32,38,48,49) 76.1
P39–O42 1.6343 A(31,35,39) 116.4 D(44,39,42,43) 125.9
P39–O44 1.6277 A(35,39,44) 101.5 D(35,39,44,45) 160.3
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Table S2
Mulliken atomic charges of the cellulose with 
organotriphosphonic acid group at the B3LYP/6-31G+(d), and 
the atom labels are according to Fig. 1

Atoms Charges Atoms Charges Atoms Charges

C1 –0.105 H18 0.498 C35 –0.808
H2 0.224 O19 –0.654 H36 0.249
C3 –0.272 H20 0.588 H37 0.270
C4 –0.117 H21 0.208 P38 1.709
O5 –0.652 O22 –0.697 P39 1.616
H6 0.498 H23 0.507 O40 –0.714
C7 0.390 P24 2.162 O41 –0.714
H8 0.198 O25 –0.966 O42 –0.805
O9 –0.571 O26 –0.864 H43 0.510
C10 0.377 H27 0.603 O44 –0.818
H11 0.251 C28 –0.938 H45 0.513
C12 –0.722 H29 0.288 O46 –0.841
H13 0.260 H30 0.305 H47 0.506
H14 0.226 N31 –0.188 O48 –0.790
O15 –0.602 C32 –0.781 H49 0.621
H16 0.231 H33 0.242
O17 –0.677 H34 0.244

Table S3
Data fitting of the adsorption equilibrium for gold ions by 
OTPA-JS at 25°C

Langmuir isotherm

q KL SAE ARE SSE

SAE 400.025 10.542 124.541 0.0717 7571.139
ARE 400.025 10.542 124.541 0.0717 7571.139
SSE 389.299 11.058 141.639 0.0786 7112.106
LTFM 431.030 0.0604 233.245 0.225 34884.63
R2 = 0.9983

Freundlich isotherm

KF n SAE ARE SSE

SAE 233.266 11.171 23.453 0.0142 404.657
ARE 233.266 11.171 23.453 0.0142 404.657
SSE 226.747 10.777 31.044 0.0212 307.053
LTFM 230.47 11.170 33.052 0.0197 337.938
R2 = 0.9916


