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ABSTRACT: Novel biosorbent materials obtained from agricultural residues buckwheat hulls (BH) were successfully developed
through functionalization with 1-hydroxylethylidenediphosphonic acid (HEDP), and they were characterized. This paper reports
the feasibility of using HEDP-BH for removal of heavy metals from stimulated wastewater, the experimental results revealed that
the adsorption property of functionalized buckwheat hulls with 120 mesh 120-HEDP-BH for Au(III) was very excellent, and the
monolayer maximum adsorption capacity for Au(III) calculated from the Langmuir isotherm models was up to 450.45 mg/g at
35 °C. The combined effect of initial solution pH, 120-HEDP-BH dosage, and initial Au(III) concentration was investigated
using response surface methodology (RSM), and the result showed that biomass dosage exerted a stronger influence on Au(III)
uptake than those of initial pH and initial Au(III) concentration. Analysis of variance (ANOVA) of the quadratic model
demonstrated that the model was highly significant. Moreover, investigation on the adsorption selectivity showed that 120-
HEDP-BH displayed strong affinity for gold in aqueous solutions and even exhibited 100% selectivity for Au(III) ions in the
presence of Zn(II) and Co(II). Regeneration capacities of 120-HEDP-BH were studied using the eluent solutions of 0.0−5.0%
thiourea in 0.1 mmol/L HCl, and it was found that the adsorption capability remains high after several cycles of adsorption−
desorption process.
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■ INTRODUCTION

Heavy metal ions present in groundwater and surface water are
a threat to human and local environment; they are not
biodegradable and tend to accumulate in organisms causing
various diseases and disorders.1,2 Thus, removal and recovery of
heavy metal ions from wastewater have been a significant
concern for economic and environmental factors. In recent
years, attention was focused on the methods for recovery and
reuse of metals rather than disposal, and the adsorption process
seems to be the most versatile and effective method if
combined with appropriate regeneration steps.3,4 Conse-
quently, effective adsorbents with strong affinities and high
loading amount for heavy metal ions were searched for.
Biosorption for removal of heavy metals from industrial

wastewater, in regard with its simplicity, has gained important
credibility in recent years, due to the good efficiency,
minimization of secondary wastes, and low cost of these
biomass-based materials. 5 Recently, abundant waste materials
from agricultural activities may be low-cost adsorbents for
heavy metal removal, and it can convert agricultural waste, of
which billions of kilograms are produced annually, to useful,
value-added adsorbents. Therefore, studies on these low-cost
adsorbents that have metal-binding capacities have been
intensified since adsorption technology, which is highly
effective, simple, and economical, and the agricultural residues,
such as spent-grain rice, barley husk, and rice husk, etc., which
are locally available in large quantities, can be utilized as low-
cost adsorbent materials.6,7 Buckwheat is at present considered
a food component of high nutritional value; it has become

popular as a kind of healthy food, since it was reported that its
seeds contain many biologically active compounds. As one kind
of agricultural residual, buckwheat hull is rich in cellulose and
has carboxyl and hydroxyl functional groups. Spent buckwheat
hulls were chosen to be applied as an absorbent material due to
its granular structure, insolubility in water, well-functionalized
surface property, high mechanical strength, and local availability
at almost no cost. However, many of the naturally available
adsorbents have low metal removal and slow process kinetics.
Thus, it is necessary to develop innovative inexpensive
adsorbents with good affinity toward metal ions. Surface
functionalization technology has been proven to be effective.
Functional groups presenting in the biopolymer structure can
provide binding sites to remove the metal ions from aqueous
solutions and improve the adsorption properties. 8

To date, no report is available on adsorption investigation of
organophosphonic acid-functionalized spent buckwheat. In
view of the above, the objective of this study was to investigate
the feasibility of using 1-hydroxylethylidenediphosphonic acid-
functionalized buckwheat hulls as biosorbent for heavy metals
removal from aqueous media. Introduction of the organo-
phosphonic acid groups onto agricultural residues buckwheat
hulls can make the biomaterial form stable chelating
compounds with transition metal ions. In the present work,
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we explored the preparation of spent buckwheat hulls
functionalized with 1-hydroxylethylidenediphosphonic acid
with both the O donor atom in the hydroxyl group and the
O donor atoms in the PO3 group, which could make the
material have excellent coordination properties with transition
metal ions and obtain a novel adsorbent with high loading of
metal ions and sorption selectivity for some particular metal
ions. After its adsorption of Au(III), Hg(II), Cu(II), Co(II),
Cd(II), Cr(III), Zn(II), and Ni(II) metal ions was studied, the
results displayed that 120-HEDP-BH had an excellent
adsorption amount for Au(III) metal ion. It is well known
that precious metals are widely used in the fields of industry
and medicine due to their specific physical and chemical
properties. Because of the value and scarcity of precious metals
such as gold, it is necessary to treat these waste aqueous
solutions and try to recover them economically. Furthermore,
the response surface methodology (RSM) has been employed
to optimize the relevant adsorption process parameters, and it
is also possible to observe the effects of individual variables and
their combinations of interactions on the response using RSM.
9 Moreover, the adsorption selectivity and adsorption
reproducibility of this functionalized buckwheat hulls 120-
HEDP-BH for Au(III) ions from aqueous solutions were also
investigated.

■ EXPERIMENTAL DETAILS
Materials and Methods. Spent buckwheat hulls were collected

from a buckwheat production site (Yantai, China) and washed with
deionized water, dried at 50 °C, and then ground in a mill to pass
through 30, 60, 90, and 120 mesh sieves to obtain different uniform
particle size for further processing. A 10.0 g amount of powdered
biomass was agitated at 60 °C for 24 h in 50 mL of 20.0% 1-
hydroxylethylidenediphosphonic acid (HEDP) solution for surface
functionalization reaction. The resulting biomasses were filtered and
dried; then, the treated sample was thermochemically reacted for 4 h
by elevating oven temperature at 120 °C, and the mixture was allowed
to enter reaction. Products obtained were mixed in deionized water for
30 min, filtered, and washed with deionized water. 1-Hydroxyethyli-
denediphosphonic acid-functionalized buckwheat hulls (HEDP-BH)
were dried in the oven. Finally, the functionalized hulls were vacuum
oven dried at 45 °C for 48 h. Thermally treated sample was cooled to
room temperature and stored for the following adsorption experi-
ments.
All other reagents utilized in the experiments were analytical grade

and used without any further purification, and all solutions were
prepared with deionized water. Stock solutions of containing various
metal ions at a certain concentration were prepared by dissolving their
relative metal salts (Sinopharm Chemical Reagent Co., Ltd., China) in
deionized water. The pH of the solution containing Au(III) was
adjusted with hydrochloric acid aqueous solution (1 mol/L) and
sodium hydroxide aqueous (1 mol/L), while those of the solution
containing other metal ions were adjusted with ammonium acetate/
nitric acid solutions.
Infrared spectra (FT-IR) of samples were reported in the range of

4000−400 cm−1 with a resolution of 4 cm−1 by accumulating 32 scans
using a Nicolet MAGNA-IR 550 (series II) spectrophotometer. KBr
pellets were used for solid samples, and the Omnic32 software
(Nicolet Inc., USA) and Origin8 software (OriginLab, Inc., USA) were
used to collect spectra and develop the statistics, respectively. The
morphology of the compounds was examined on a JEOL JSF5600LV
scanning electron microscope (JEOL Co., Japan). EDXAS was
performed on a NORAN LEVER-2 EDX analytical instrument. Before
observation, the sample was placed on a specimen stub covered with a
conductive adhesive tab and provided with a sputtered 15 nm platinum
coating. Powder X-ray diffraction (XRD) data were obtained using a
Rigaku Max-2500VPC diffractometer with Cu Kα1 radiation (λ =
1.54056 Å). 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. Atomic absorption analysis of transition metal ions was
performed with a flame atomic absorption spectrophotometer
(GBC-932A, made in Australia), and the SpectrAA software (Varian
Australia Pty.Ltd.) and Origin8 software (OriginLab.Inc.USA) were
were used to collect spectra and develop the statistics, respectively.

Computational Details. Density functional theory calculations of
1-hydroxylethylidenediphosphonic acid have been performed with the
Gaussian 03 program using the B3LYP/6-31G(d) basis set to obtain
the optimized molecular structure and vibrational wavenumbers.
Frequencies for the required structure were evaluated at the B3LYP/6-
31G(d) level to ascertain the nature of stationary points, and harmonic
vibrational wavenumbers were calculated using the analytic second
derivatives to confirm the convergence to the minimum of the
potential surface. Moreover, the Mulliken atomic charges were also
obtained at the B3LYP/6-31G(d) level.

Saturation Adsorption Experiments for Transition Metal
Ions. The saturation adsorption experiment was employed to
determine the adsorption amounts of HEDP-BH with different
meshes for different kinds of metal ions, and they were carried out
with shaking 30.0 mg of the adsorbent with 10.0 mL of metal ion
solution (2.0 mmol/L). The mixture was equilibrated for 24 h on a
thermostat-cum-shaking assembly at 25 °C. Each batch of experiment
was carried out in triplicate, and the mean values showed a maximum
standard deviation of ±5%. The adsorption amount was calculated
according to eq 1

=
−
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W
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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), andW is the weight
of HEDP-BH(g).

Adsorption Isotherms. The isotherm adsorption property of the
adsorbents was investigated also by batch tests. In a typical procedure,
a series of 20 mL tubes was used. Adsorption isotherms were studied
using 20.0 g of the adsorbent with 10.0 mL of various Au(III) ion
concentrations at 25 °C and pH = 2.5 for 24 h. Modeling of the
adsorption isotherm data was conducted by the linear fitting using the
Origin8 software program (OriginLab, Inc., USA).

Response Surface Methodology (RSM). The effects of three
independent variables, initial pH, adsorbent dosage, and initial Au(III)
concentration, were investigated by means of central composite design
(CCD). Experimental design was carried out by three chosen
independent process variables at three levels. For each factor, the
experimental range and central point were shown in Table 1. The

software of Minitab was used for designing and analyzing the
experimental data. Independent variables (factors) and their levels, real
values as well as coded values, are presented in Table 1.

The model equation was used to predict the optimum value and
subsequently elucidate the interaction between the factors. The
quadratic equation model for predicting the optimal point was
expressed according to eq 2
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Table 1. Coded Levels for Independent Factors Used in the
Experimental Design

coded levels

factors symbol −1 0 +1

initial pH X1 2.0 2.5 3.0
adsorbent dosage/mg X2 10 20 30
initial Au(III) concentrations/mmol/L X3 6.070 7.284 8.498
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where λ0, λi, λii, and λij are regression coefficients (λ0 is a constant term,
λi is the linear effect term, λii is the squared effect term, and λij is the
interaction effect term) and Y is the predicted response value. All data
were analyzed with the assistance of the software of Minitab, and
significant second-order coefficients were selected by regression
analysis with backward elimination. Then, the fit of the model was
evaluated by coefficients of determination and a test for lack of fit,
which was performed by comparing mean square lack of fit to mean
square experimental error, from analysis of variance (ANOVA).
Competitive Adsorption. In order to investigate the adsorption

selectivity of the adsorbent for Au(III), 20.0 mg of adsorbents was
added into 10 mL solutions (binary system containing equal initial
concentrations (2.0 mmol/L) of Au(III) ion and other coexisting
metal ions), and the mixture was shaken for 24 h. The initial pH was
adjusted to 2.5 with the temperature at 25 °C.
Desorption and Recycling Studies. To investigate the

desorption ability of the adsorbed Au(III) ions form the adsorbent,
desorption experiments were carried out as follows: After adsorption,
the Au(III) ion-loaded adsorbents were separated and slightly washed
with deionized water to remove unadsorbed Au(III) ions on the
surface of the adsorbent. They were then stirred in the different
solutions of 0.1 mmol/L HCl, 0.1 mmol/L HCl + 1.0% thiourea, 0.1
mmol/L HCl + 2.0% thiourea, 0.1 mmol/L HCl + 3.0% thiourea, 0.1
mmol/L HCl + 4.0% thiourea, and 0.1 mmol/L HCl + 5.0% thiourea,
which were employed as the desorption medium, at 25 °C for 24 h.
The desorption ratio of Au(III) ions was then calculated as the ratio of
the amount of desorbed Au(III) ions to the amount of initially
absorbed Au(III) ions.

■ RESULTS AND DISCUSSION

Theoretical Calculations of the Modified Organic
Group 1-Hydroxylethylidenediphosphonic Acid. The
diphosphonic acids have proved to be good candidates for
synthesis of open-framework or porous coordination polymer,
in which the organic parts play a controllable spacer role and
the two −PO3 groups could chelate with metal ions to form
one-, two-, or three-dimensional structures. 10 In the present
work, HEDP was selected as the modified organic group to
functionalize spent buckwheat hulls. Besides two −PO3 groups,
there is a −OH group, which can also chelate with metal ions.
Introduction of the organic groups onto buckwheat hulls can
make the agricultural residues form stable chelating compounds
with many heavy metal ions. In addition, phosphonic acid
groups can provide several oxygen atoms to coordinate metal
ions, which can be utilized to remove heavy metals from
bleaching solution in the paper, pulp, and textile industry. 11

The aim of chemical functionalization with HEDP, which has
both an O donor atom in the hydroxyl functional group and O
donor atoms in the −PO3 group, is to make the material have
excellent coordination properties with metal ions and obtain a
novel biosorbent with a high loading capacity and good
adsorption selectivity for metal ions.
In order to design the title bioabsorbent material, we

theoretically calculated the modified organic group at the
B3LYP/6-31G(d) level in advance. In Scheme 1, the optimized
structure of the modified organic group was displayed. The
corresponding bond lengths, bond angles, and Mulliken atomic
charges are presented in Tables S1 and S2 (Supporting
Information). The absence of imaginary wavenumber on its
calculated vibrational spectrum confirms that the structure
deduced corresponds to minimum energy. P1−O6 and P12−
O17 bond lengths are 1.4750 and 1.4820 Å, respectively, which
agrees well with those values of phosphonic acid in ref 12 and a
bit longer than the experimental value (1.47 Å). Moreover, P1−
O2, P1−O4, P12−O13, and P12−O15 bond lengths are in the

range 1.6098−1.6401 Å, comparable to those in phosphonic
acid 1.59−1.63 Å. 12 Moreover, the bond angles A(7, 1, 2/4/6)
and A(7, 12, 13/15/17)) are produced with reasonable
accuracy as well. Table S2, Supporting Information, presents
the Mulliken atomic charges of the ligand and shows that the
oxygen atoms and nitrogen atom in phosphonic acid groups
have more negative charges, and the Mulliken electronic
populations of O2, O4, O6, O13, O15, O17, and O18, were
−0.689, −0.673, −0.500, −0.700, −0.661, −0.554, and −0.655,
respectively, which made these oxygen atoms chelate with
metal ions more easily.

Saturation Adsorption of BH and HEDP-BH with
Different Meshes. Figure 1 showed the saturation adsorption
amounts of BH and HEDP-BH for transition metal ions, such
Au(III), Hg(II),Cu(II), Pb(II), Co(II), Zn(II), Ni(II), and
Cr(III) etc. As seen from Figure 1a, the particle size has an
obvious influence on the adsorption capacity for heavy metal
ions. In general, the smaller BH is, the higher the adsorption
capacity is. For example, the adsorption capacity of BH with 30,
60, 90, and 120 mesh for Au(III) is 0.780, 0.681, 0.843, and
1.14 mmol/g, respectively. The research results displayed the
static adsorption amounts of BH with 120 mesh for Au(III),
Hg(II), and Cu(II) were 1.14, 0.806, and 0.262 mmol/g,
respectively. However, those for Pb(II), Ni(II), Cd(II), Cr(III),
Co(II), and Zn(II) metal ions were 0.157, 0.146, 0.148, 0.105,
0.0154, and 0.0708 mmol/g, respectively. BH had a good
adsorption amount for Au(III), Hg(II), and Cu(II) metal ions,
especially for Au(III) ion. Therefore, the buchwheat hulls with
120 mesh were selected for the subsequent functionalization
process. Organophosphonic acid functional groups presenting
in the BH biopolymer structure can further provide binding
sites to remove the metal ions from aqueous solutions and
improve the relevant adsorption properties. The adsorption
capacity of 120-BH and 120-HEDP-BH was 1.14 and 1.81
mmol/g, respectively. It is obvious in Figure 1b that 120-
HEDP-BH has a higher adsorption property than 120-BH, and
the results showed that surface modification markedly
improved the adsorption capacity. Through organophosphonic
acid groups, 120-HEDP-BH can form the stable chelating
compounds with many transition metal ions, especially with
Au(III). Moreover, it was clear that the adsorption capacity of
120-HEDP-BH was relatively high when compared to several
other adsorbents such as modified silica gel with hydroxyl- or
amino-terminated polyamine, thiol cotton fiber, Alfalfa biomass,
and poly(vinylbenzylchloride-acrylonitryle-divinylbenzene)

Scheme 1. Optimized Geometry of the Modified Group 1-
Hydroxylethylidenediphosphonic Acid
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modified with amino and guanidine ligands.13−16 According to
the theory of hard and soft acids and bases (HSAB) defined by
Pearson, metal ions will have a preference for coordinating with
ligands that have more or less electronegative donor atoms.
Oxygen is a hard base while gold is a soft acid according to
HSAB; therefore, only a few studies on the interaction between
these two elements have been reported. For example, Chen et
al. synthesized gold(III) tetraarylporphyrin phosphonate
derivatives.17 Kojima et al. synthesized gold complexes bearing
phosphoric acids used in asymmetric catalysis.18 Gardea-
Torresdey and Yin et al. found that the carboxyl group/
phosphonic acid group plays some role in the binding of
Au(III) and higher gold(III) binding at low pHs.19,20 Moreover,
gold is one of the precious metals widely used in various areas,
and it is a toxic element, causing allergic eczematous dermatitis
and some nephrotoxic effects on humans. Because of its
increasing presence in the environment, growing interest is in
the elucidation of its role in living organisms and impact on
human health.21 Zammit et al. reviewed the development of
novel biotechnologies and the role they would play in gold
process and remediation.22 Navarro et al. reported a more
environmentally friendly process for gold, and they utilized the
adsorption technology with activated carbon to separate the
gold ions from solution.23 The above-mentioned research
shows that the low-cost 120-HEDP-BH is favorable and useful
for removal of precious metal ions, and the high adsorption
capacity makes it a promising candidate material for Au(III)
uptake. Therefore, in the following, the adsorption behavior of
the adsorbent 120-HEDP-BH for Au(III) was investigated
particularly. In order to investigate the effect of the initial pH
on the gold ions adsorption behavior, adsorption experiments

were conducted in the pH range of 1.0−4.0, and the effect of
pH on the adsorption for Au(III) on 120-HEDP-BH is
illustrated in Figure S1 (Supporting Information). The results
showed that the good adsorption capacities of the adsorbent for
Au(III) were at about pH 2.5. Consequently, all of the
following experiments were performed at pH 2.5. Before the
adsorption investigation, it is necessary to carry out character-
ization of the adsorbent 120-HEDP-BH, since there is a close
relation between the microstructure and the adsorption
property of the relevant adsorbent material.

Characterization of the Adsorbent 120-BH and 120-
HEDP-BH. HEDP-BH has been developed as described in the
Experimental Details, the thermochemical reaction of HEDP-
BH is shown in Figure 2, and the FTIR spectra of 120-BH and
120-HEDP-BH are displayed in Figure 3. When the organo-
phosphonic acid HEDP is heated, it will dehydrate to yield a
reactive anhydride. Then BH is present in the reaction mixture;
the anhydride can react with BH to form a BH−phosphate
adduct. Further heating can result in additional dehydration
with the possibility of cross-linking (Figure 2). The HEDP-BH
adducts provided additional phosphonic acid groups when
compared with untreated BH. To decide whether HEDP
carried out the esterification reaction with BH, IR spectroscopic
analysis of both 120-BH and 120-HEDP-BH was investigated.
As seen from Figure 3, the broad peak at about 3400 cm−1 was
the characteristic peak of BH corresponding to the presence of
hydroxyl groups of cellulose. The strong C−O−C band at
around 1036 cm−1 also confirmed the cellulose structure, while
in the IR spectrum of 120-HEDP-BH there are two major
changes could be observed by comparing it with that of 120-
BH: one is the appearance of both PO at 1174 cm−1 and the

Figure 1. Static adsorption capacities of BH (particle size 30, 60, 90, and 120 mesh) and 120-HEDP-BH (particle size 120 mesh) for heavy metal
ions at room temperature.

Figure 2. Preparation of the adsorbent HEDP-BH obtained form agricultural residues by thermochemical reaction.
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(C)−P−O stretching vibration peak at 757 cm−1, and the other
is a reduction in the hydroxyl (O−H) stretching band at
around 3400 cm−1. These facts reflected the result of
organophosphonic acid esterification. Because of high amounts
of introduced free phosphonic acid groups, it could be expected
that organophosphonic acid-functionalized buckwheat hulls
120-HEDP-BH could have adequate chemical and physical
characteristics to adsorb heavy metal ions.
Figure 4 shows SEM photographs of 120-BH and 120-

HEDP-BH at 1000 times magnification. The sample
morphologies of 120-BH and 120-HEDP-BH were charac-
terized by SEM shown in Figure 4. Apparently, the surface of
120-BH became more rough after modification reactions, and
more cavities on the surface of 120-HEDP-BH might increase
the contact area and facilitate diffusion during adsorption, 24

and, consequently, improve its adsorption ability for heavy
metal ions from aqueous media. It could be seen that the
particle appearances of these samples were similar, demonstrat-
ing that the particles of 120-HEDP-BH had good mechanical
stability, and they had not been destroyed during the whole
reaction. Table 2 displayed the results of EDXAS spectrum for
120-BH and 120-HEDP-BH. It is obvious that there are peaks
of C, O, Mg, P, K, and Ca. In particular, the weight percent of P
in 120-HEDP-BH was 4.44%, which was higher that that in
120-BH (1.20%) after the thermochemical reaction of 120-BH
and HEDP.
Figure 5a shows that all diffraction peaks of 120-BH and 120-

HEDP-BH and their XRD patterns indicated the amorphous
nature of the material lacking any crystallinity. This result
showed that no essential change occurred in the topological
structure of BH before and after the functionalized reactions,
which implied that BH was stable enough to experience the
chemical modification reactions. No novel diffraction peak
appeared after the thermochemical reactions meant that the
highly branched polymers on the surface of BH existed in a
form of noncrystalline state. The TG curve could reflect the
thermal stability of the material, and the thermal stability of
120-BH and 120-HEDP-BH has been determined by thermal
analysis, and the results are shown in Figure 5b. Thermal
analysis represents several steps of decomposition in the
temperature range of 25−800 °C. The weight loss 8.3% and
10.3% in the temperature range of 25−200 °C corresponds to
release of physically adsorbed water for 120-BH and 120-
HEDP-BH, respectively. Further weight losses above 200 °C
(64.8% and 44.7% for 120-BH and 120-HEDP-BH, respec-

tively) are due to decomposition of the organic functional
groups. It is noted that there is almost no weight loss for 120-
HEDP-BH at 25−50 °C, and the adsorbents usually are utilized
below 50 °C. Therefore, these data indicate that the resulting
product 120-HEDP-BH has good thermal stability, and it
should be applied at temperatures below 50 °C.

Adsorption Isotherms of 120-HEDP-BH for Au(III)
Ions. Adsorption isotherms are very useful for finding out
the adsorption capacity of the adsorbent, the solute−solute
interaction, and the degree of accumulation of adsorbate on the
surface of the adsorbent. Adsorption isotherms studied the
relationship between the equilibrium adsorption capacity and
the equilibrium concentration at a certain temperature, the
adsorption isotherm of 120-HEDP-BH for Au(III) at 15, 25,
and 35 °C was studied, and the results are shown in Figure 6.
As seen in the figure, the absorption capacity of 120-HEDP-BH
for Au(III) increased with the increase of the equilibrium
concentration. The Langmuir and Freundlich isotherms are the
most commonly used isotherms for different adsorbent/
adsorbate systems to explain solid−liquid adsorption systems
and predict their equilibrium parameters.25 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

Figure 3. FT-IR spectra of 120-BH, 120-HEDP-BH, and 120-HEDP-
BH-Au.

Figure 4. SEM images of 120-BH (a) and 120-HEDP-BH (b) at
×1000 magnification.
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assumes that the uptake or adsorption of metal ions occurs on a
heterogeneous surface by monolayer adsorption. In order to
understand the adsorption behavior, Langmuir eq 3 and
Freundlich eq 4 were employed to fit the experimental data,
respectively

= +
C
q

C
q qK

1e

e

e

L (3)

= +q K
C

n
ln ln

ln
e F

e
(4)

where qe is the adsorption capacity, mg/g, Ce is the equilibrium
concentration of Au(III), mg/L, q is the saturated adsorption
capacity, mg/g, KL is the Langmuir constant, L/mg, n is the
Freundlich constant, and KF is the binding energy constant
reflecting the affinity of the adsorbents to metal ions, mg/g.
The R2 value obtained from the Langmuir model is much closer
to 1 than that obtained from the Freundlich model, suggesting
the Langmuir model is better than the Freundlich model to fit
the adsorption isotherm of 120-HEDP-BH for Au(III). The
best-fit experimental equilibrium data in the Langmuir isotherm
suggested monolayer coverage and chemisorption of Au(III)
onto 120-HEDP-BH, and the maximum adsorption capacity of
120-HEDP-BH obtained by the Langmuir isotherm for Au(III)
adsorption was 450.45 mg/g at 35 °C. It is clear that the
adsorption capacity of 120-HEDP-BH was relatively high, due
to the fact that 120-HEDP-BH has surface functional groups
such as phosphonic acid groups that possess high affinity for
gold ions. As we compared the adsorption capacity of different
types of adsorbents used for Au(III) adsorption (Table S3,
Supporting Information), it was clear that the adsorption
capacity of 120-HEDP-BH was relatively high when compared
to several other adsorbents such as silica gel chemically
modified with hydroxyl- or amino-terminated polyamine, thiol

Table 2. Results of Energy Spectrum Analysis of 120-BH and 120-HEDP-BH

absorbent element X-ray int error K K ratio wt % A%

120-BH C Ka 243.6 2.2072 0.7218 0.2641 52.89 60.65
O Ka 136.7 1.6534 0.2192 0.0802 44.19 38.05
Mg Ka 17.4 0.5899 0.0109 0.0040 0.77 0.44
P Ka 37.3 0.8638 0.0256 0.0094 1.20 0.53
K Ka 12.6 0.5021 0.0121 0.0044 0.52 0.18
Ca Ka 10.0 0.4467 0.0104 0.0038 0.44 0.15

120-BH total 1.0000 0.3659 100.00 100.00
120-HEDP-BH C Ka 116.0 1.5235 0.6413 0.2075 52.89 61.31

O Ka 75.8 1.2315 0.2268 0.0734 41.61 36.21
Mg Ka 6.5 0.3610 0.0076 0.0025 0.47 0.27
P Ka 84.9 1.3027 0.1086 0.0351 4.44 2.00
K Ka 5.8 0.3419 0.0104 0.0034 0.40 0.14
Ca Ka 2.7 0.2318 0.0052 0.0017 0.19 0.07

120-HEDP-BH total 1.0000 0.3235 100.00 100.00

Figure 5. XRD patterns (a) and TG curves (b) of 120-BH and 120-HEDP-BH.

Figure 6. Adsorption isotherms of Au(III) onto 120-HEDP-BH at
different temperatures.
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cotton fiber, Alfalfa biomass, and poly(vinylbenzylchloride-
acrylonitryle-divinylbenzene) modified with tris(2-aminoethyl)-
amine, Table 3.13−16 The above-mentioned research results
show that the low-cost biomass-based 120-HEDP-BH is
favorable and useful for removal of precious metal ions, and
the high adsorption capacity makes it a promising candidate
material for Au(III) uptake.
Response Surface Methodology. A prior understanding

of the adsorption process and the process variable under
investigation is necessary for achieving a more realistic model.
The goal of our study was to model the adsorption capacity
when 120-HEDP-BH was utilized as the adsorbent for Au(III)
adsorption from stimulated wastewater. In order to improve the
adsorption capacities and the efficiency of the work, the
response surface methodology (RSM) is presented to indicate
the parameters for an optimized adsorption process. It allows
the user to gather large amounts of information from a small
number of experiments and also observe the effects of
individual variables and their combinations of interactions on
the response.26 RSM was applied to model the adsorption
capacity of Au(III) from aqueous solutions with three reaction
parameters: initial pH, adsorbent dosage, and initial Au(III)
concentration. In the present study, CCD for the three
variables was used as the experimental design model and RSM
enabled us to obtain sufficient information for statistically
acceptable results using a reduced number of experimental sets.
The observed and predicted results of batch runs conducted in
CCD-designed experiments are tabulated in Table 4. All of the
15 designed experiments were performed, and the levels ranged
from 2.04 mmol/g to as high as 3.47 mmol/g. Application of
the response surface methodology expressed in the following
regression, eq 5, is an empirical relationship between the

adsorption capacity (Y) and the tested variables taken in coded
unit

= − − − +

+ − − +

Y X X X X

X X X X X X X

2.28 0.02 0.46 0.13 0.37

0.24 0.06 0.14 0.06
1 2 1

2
2
2

3
2

1 2 1 3 2 3 (5)

where Y is the response, i.e., adsorption capacity, and X1, X2,
and X3 are the coded values of the main effects of initial pH,
adsorbent dosage, and initial Au(III) concentration, respec-
tively. The results of the coefficients of the model and analysis
of variance (ANOVA) are shown in Table 5. The significance

of each coefficient was determined by t and P values. The larger
the magnitude of the it value and smaller the P value, the more
significant is the corresponding coefficient. 27 Therefore, the
variable with the largest effect was adsorbent dosage (P <
0.001). Moreover, the interaction of initial pH and initial
Au(III) concentration (X1X3) wwas highly significant (P =
0.009), and the quadratic terms of adsorbent dosage (X2

2) was
very insignificant (P < 0.001). ANOVA indicated that the Fmodel

value (63.93) with a low probability value (P < 0.001)
demonstrates a high significance for the regression model. The
goodness of the fit of the model was also checked by the
multiple correlation coefficient (R2). The value of the
determination coefficient (R2) was 0.9914, which indicated
that the model was suitable to represent the real relationships
among the selected reaction parameters. In this case, the value
of the determination coefficient indicated that the sample

Table 3. Langmuir and Freundlich Isotherm Parameters for Au(III) Adsorption onto 120-HEDP-BH

Langmuir Freundlich

adsorbent T (°C) q (mg/g) KL (L/mg) R2 KF (mg/g) n R2

120-HEDP-BH 15 280.90 0.1810 0.9938 156.37 10.3445 0.6341
25 363.64 2.6442 0.9999 215.13 7.8958 0.6272
35 450.45 10.3984 0.9847 448.20 2.9991 0.9713

Table 4. Experimental Design and Results of the Response
Surface Design

adsorption capacities/mmol/g

no. X1 X2 X3 experimental fitted value

1 −1 0 1 2.54802 2.54200
2 0 0 0 2.28308 2.28306
3 1 0 1 2.22533 2.23211
4 1 −1 0 2.98576 3.03193
5 0 0 0 2.28306 2.28306
6 −1 −1 0 2.88252 2.94149
7 −1 0 −1 2.29207 2.28530
8 0 −1 1 3.34335 3.29041
9 0 1 1 2.43034 2.48253
10 1 1 0 2.04555 1.98659
11 1 0 −1 2.51719 2.52321
12 −1 1 0 2.19520 2.14903
13 0 0 0 2.28303 2.28306
14 0 −1 −1 3.47081 3.41862
15 0 1 −1 2.33576 2.38871

Table 5. Coefficients of the Model and ANOVAa

terms coefficients standard error t start P value

intercept 2.28306 0.03867 59.034 <0.001
X1 −0.01800 0.02368 −0.760 0.482
X2 −0.45945 0.02368 −19.400 <0.001
−3 −0.00860 0.02368 −0.363 0.731
X1X1 −0.12760 0.03486 −3.660 0.015
X2X2 0.37181 0.03486 10.666 <0.001
X3X3 0.24020 0.03486 6.891 0.001
X1X2 −0.06322 0.03349 −1.888 0.118
X1X3 −0.13695 0.03349 −4.089 0.009
X2X3 0.05551 0.03349 1.657 0.158

ANOVA

source

degrees
of

freedom
sum of
squares

mean
sum of
squares F P

regression 9 2.58158 0.286842 63.93 <0.001
linear 3 1.69194 0.563979 125.69 <0.001
square 3 0.78631 0.262103 58.41 <0.001
interaction 3 0.10333 0.034445 7.68 0.026
residual error 5 0.02243 0.004487
lack of fit 3 0.02243 0.007478
pure error 2 0.00000 0.000000
total 14 2.60402

aCoefficient of determination (R2) = 0.9914.
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variation of 99.14% for the adsorption process was attributed to
the independent variables and only 0.86% of the total variations
was not explained by the model, and a higher value of the
correction coefficient (R = 0.9957) justified an excellent
correlation between the independent variables. Moreover, the
insignificant lack-of-fit test also indicated that the model was
suitable to represent the experimental data using the designed
experimental data. 28

The adsorption capacities of the adsorbent 120-HEDP-BH
over different combinations of independent variables were
visualized through three-dimensional view of response surface
plots (Figure 7a−c). The relationship between adsorbent

dosage and initial pH is shown in Figure 7a. Clearly, the
adsorbent dosage exerted a stronger influence than initial pH,
which could also be deduced from the coefficients of factors in
eq 5. It was observed that the Au(III) adsorption capacities
decreased with increasing 120-HEDP-BH dosage, though
increasing adsorbent dosage can be attributed to increased
biomass surface area and availability of more adsorption sites.
Nevertheless, the values of Au(III) uptake decreased with
increasing adsorbent dosage. The reason might be that high
biomass dosage could result in aggregates of functionalized
adsorbent 120-HEDP-BH and might cause interference
between binding sites at higher biomass dosage or insufficiency

Figure 7. Interactions and response surfaces of the process variables on the adsorption capacities for Au(III) onto 120-HEDP-BH.
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of metal ions in solutions with respect to available binding sites.
The interaction between adsorbent dosage and initial pH was
more insignificant (P = 0.118, and the absolute value of t value
is −1.888). Furthermore, the initial pH also played an
important role in gold ion uptake as evident from the equation
and plot, and the effect of initial Au(III) concentrations and
initial pH on gold uptake is shown in Figure 7b. The curved
contour lines showed that there was an interaction between
initial Au(III) concentrations and initial pH. A relatively strong
interaction existed between initial Au(III) concentration and
initial pH, which was reflected by the corresponding P value
and deduced from the curvature of the contour. The research
results showed that the gold adsorption capacity increased at
first and then decreased with increasing pH, and the optimum
pH was about 2.9. This may be explained by the increase in
availability of binding sites at higher initial solution pH, and this
improved in the access of gold ions to the metal-binding sites of
the cell wall. The interaction between initial Au(III)
concentrations and initial pH was very significant (P = 0.009,
and the absolute value of t value is −4.089) and found to be
responsible for achieving a relatively high gold ion uptake as
predicted by the model and the response contour plot.
Moreover, a moderate interaction was found between initial
Au(III) concentration and adsorbent dosage (P = 0.158, and
the absolute value of t value is 1.657), as shown in Figure 7c.
According to the figure, at lower adsorbent dosage level, the
Au(III) uptake efficiency increased slightly with increasing
metal concentration from zero level up to a certain level; it
could be due to the increase in the driving force of the
concentration gradient. 9

It is of general interest for developing an industrial process of
gold adsorption from wastewater. On the basis of the discussion
above, it was possible to obtain a high degree of adsorption
capacity through searching for the optimum point. The
maximum predicted adsorption capacity for optimum adsorp-
tion variables was obtained through the point prediction
method and response surface plots. The optimal conditions for
gold adsorption using the biomass-based adsorbent 120-HEDP-
BH were an initial pH of 2.86, an initial Au(III) concentration
of 6.07 and 10.0 mg/10.0 mL of adsorbent dosage, and a
theoretical maximum adsorption capacity of 3.48 mmol/g. To
confirm the prediction by the model, three independent
experiments for the gold biosorption over 120-HEDP-BH were
conducted under the established optimal conditions. The
experimental adsorption capacity reached 3.30 ± 0.01 mmol/g
and was close to the predicted value.
Adsorption Selectivity of 120-HEDP-BH. The most

important properties of a chelating adsorbent material that
influence its application are sorption amount in addition to
sorption selectivity, which is basically an attribute of the
functional group of the adsorbent. Therefore, the competitive
adsorption experiments by 120-HEDP-BH were carried out for
Au(III)−Hg(II), Au(III)−Ni(II), Au(III)−Cu(II), A (III)−
Zn(II), Au(III)−Cd (II), and Au(III)−Co(II) binary systems.
The initial Au(III) concentration as well as other transition
metal ions such as Zn(II), Ni(II), and Cu(II) was 2.0 mmol/L,
and the obtained results at 25 °C are presented in Table 6.
The selective coefficients were the ratio of adsorption

amounts of metal ions in the binary mixture: The selective
coefficient = q′/q″, where q′ is the adsorption amount of
Au(III) ion in a binary mixture and q″ is the adsorption amount
of the other metal ion in binary mixture. Investigation on the
adsorption selectivity showed that 120-HEDP-BH displayed

strong affinity for gold in binary ions systems, and it even
exhibited 100% selectivity for Au(III) ions in the presence of
Zn(II) and Co(II). The adsorption experiments of Au(III)
onto 120-HEDP-BH were carried out at pH 2.5, and the
interactions of Au(III) ions with surface molecules of 120-
HEDP-BH were dominated by adsorption, electrostatic
attraction, and chelation (Figure S2, Supporting Information).
The band at 2845 cm−1 assigned to the (P)−O−H stretching
vibration before adsorption was obviously weakened after
adsorption (see the IR spectrum of 120-HEDP-BH-Au in
Figure 3), indicating the coordination of the phosphonic acid
with gold(III) on 120-HEDP-BH. However, at lower pH, the
functional groups of 120-HEDP-BH might remain primarily in
the protonated form, making the adsorbent difficult for other
heavy metal ions adsorption (such as Zn(II) etc.) to occur.
Therefore, this novel 1-hydroxylethylidenediphosphonic acid-
functionalized buckwheat hulls 120-HEDP-BH had a high
adsorption amount and good selectivity for Au (III), which can
be applied for removing this precious metal element from
aqueous solutions.

Recycling Properties of 120-HEDP-BH. To investigate
the feasibility of reusing the adsorbents 120-HEDP-BH,
desorption experiments were conducted. The Au(III) ion
loaded 120-HEDP-BH samples were treated with 0.1 mol/L
hydrochloric acid and different concentrations of thiourea at 25
°C for 24 h to remove the Au(III) ions and then neutralized
and followed with a second round of metal ion adsorption
testing. The results of elution from Figure 8 show that the
system of 3.0% thiourea + 0.1 mol/L HCl is very efficient, and
the elution rate is up to 99.52%. The results for Au(III) ion
adsorption using the regenerated adsorbents are summarized in
Table 4. Only a little decrease of the adsorption efficiency was
seen in the second use, the samples retain their Au(III) uptake
capacities of 93.24% after two cycles, and the Au(III) uptake
capacities decreased gradually in the successive uses. Therefore,
the high adsorption capacity and good reproducibility gives the
biomass-based adsorbent 120-HEDP-BH significant potential
for removing Au(III) from aqueous solutions using the
adsorption method.
Spent buckwheat hull is a kind of agriculture residue; it is a
nontoxic and biodegradable biomass. 1-Hydroxylethylidenedi-

Table 6. Adsorption Selectivity of 120-HEDP-BH for Au(III)

adsorbent system
metal
ions

adsorbents
capacity
(mmol/g) selective coefficient

120-
HEDP-
BH

Au(III)−
Hg(II)

Au(III) 1.47 α Au(III)/Hg(II) = 73.5

Hg(II) 0.02
Au(III)−
Ni(II)

Au(III) 1.46 α Au(III)/Ni(II) = 146

Ni(II) 0.01
Au(III)−
Cu(II)

Au(III) 1.47 α Au(III)/Cu(II) = 49.0

Cu(II) 0.03
Au(III)−
Zn(II)

Au(III) 1.48 α Au(III)/Zn(II) = ∞

Zn(II) 0.00
Au(III)−
Cd(II)

Au(III) 1.47 α Au(III)/Cd(II) = 24.5

Cd(II) 0.06
Au(III)−
Co(II)

Au(III) 1.48 α Au(III)/Co(II) = ∞

Co(II) 0.00
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phosphonic acid-functionalized buckwheat hulls (HEDP-BH)
were successfully employed to adsorb heavy metal ions from
stimulated wastewater. This study demonstrated that agricul-
tural residues buckwheat hulls functionalized by organo-
phosphonic acid could be a potential adsorbent for removing
heavy metal ions from aqueous solutions, especially for Au(III)
uptake. The maximum binding capacity of 120-HEDP-BH for
Au(III) according to the Langmuir isotherm is 450.45 mg/g at
35 °C. From a practical point of view, the high adsorption
capacity and efficiency and good selectivity should make 120-
HEDP-BH a potential adsorbent. Moreover, it is evident that
response surface methodology can be used successfully to gain
knowledge to explain the relative performance of the adsorbent
120-HEDP-BH for Au(III) adsorption. The optimum values for
maximum adsorption capacity could be obtained using a Box-
Behnken center-united design with a minimum of experimental
work. Under the optimal conditions, the predicted value of the
adsorption capacity for Au(III) was 3.48 mmol/g. Therefore,
the high adsorption capacity, good adsorption selectivity, and
reproducibility give the biomass-based adsorbent 120-HEDP-
BH significant potential for uptaking Au(III) from aqueous
solutions using the adsorption method.
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