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Abstract Amorphous tin(VI) hydrogen phosphate

(ATHP) was synthesized using the liquid phase precip-

itation method and served as an adsorbent to remove

Pb(II), Cu(II), and Zn(II) from aqueous solutions. The

ATHP was characterized by powder X-ray diffraction

(XRD), transmission electron microscopy (TEM), scan-

ning electron microscopy (SEM), X-ray photoelectron

spectroscopy (XPS), and nitrogen adsorption–desorption

techniques. Adsorption properties were evaluated as a

function of pH, reaction time, concentration of reactants,

and salinity. Their equilibrium adsorption data were

modeled using Freundlich, Langmuir, and Dubinin–Ka-

ganer–Radushkevich isotherms, respectively. The results

revealed that adsorption equilibrium reached within

180 min. ATHP indicated good adsorption even below

the pHZPC, and best adsorption at pH 5 for Pb(II) and

Cu(II) and at pH 5.5 for Zn(II) was observed. Equilib-

rium data fitted better to the Langmuir model for Pb(II)

and Cu(II) and fitted better to the Freundlich model for

Zn(II). The saturated adsorption capacities deduced from

the Langmuir model were 2.425, 1.801, and 0.600 mmol/

g for Cu(II), Pb(II), and Zn(II), respectively, indicating

an adsorption affinity order of Cu[ Pb[Zn. There is a

negative correlation between the concentration of NaCl

and adsorption capacity of ATHP, yet ATHP still

exhibited excellent adsorption having an adsorption

capacity of 19.35, 15.16, 6.425 mg/g when the concen-

tration of NaCl was 0.6 mol/L. The free energy (E) was

12.33, 10.70, and 14.74 kJ/mol for Pb(II), Cu(II), and

Zn(II), respectively. An adsorption mechanism based on

ion exchange between heavy metal ions and H? in the

ATHP is proposed. Furthermore, the used ATHP was

regenerated by HCl solution and the adsorbent was used

repeatedly.
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Introduction

Discharge of sewage with heavy metals into the natural

environment has become a major public health concern

owing to its non-biodegradable and persistent nature.

Potential sources of heavy metal mainly include mining

industries, electroplating, battery and chemical manufac-

turing, tannery, fertilizer, and illegal landfills as side effects

of these activities (Mubarak et al. 2013). Toxic metal ions

jeopardize our health when they enter drinking water

supplies and other food chains (Ali and Aboul-Enein

2006). While Pb(II), Cu(II), and Zn(II) are not the most

toxic and carcinogenic heavy metals among the heavy

metals, their widespread production and consumption have

led to high emissions and destructive outcomes. Hence,
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research on the sequestration of Pb(II), Cu(II), and Zn(II) is

still of great significance.

In order to eliminate heavy metals from polluted water,

various water purification methods such as chemical pre-

cipitation, coagulation, ion exchange, electrolytic methods,

membrane separation processes, and adsorption have been

proposed (Wan et al. 2010; Metwally et al. 2013; Tao et al.

2014; Jamshidi Gohari et al. 2013; Gupta et al. 2012). Of

these methods, adsorption is considered to be the most

universal and promising water treatment and reclamation

technology due to its cost-effectiveness, simplicity, and

flexibility in operation, especially combined with appro-

priate regeneration steps (Ali 2010). Another advantage of

adsorption is that there is no secondary sludge pollution,

and this means not having to invest in infrastructure and

sludge-related operations (Semerjian 2010). To date,

numerous materials as potential adsorbents for the

sequestration of hazardous heavy metals have been studied,

such as bottom fly ash (Khan et al. 2009), sawdust (Se-

merjian 2010), peanut husk charcoal (Shang et al. 2015),

clinoptilolite (Mihaly-Cozmuta et al. 2014), chemically

modified orange peel (Lasheen et al. 2012), poly(ami-

doamine)-modified graphene oxide (Yuan et al. 2013),

magnetic Fe3O4 functionalized with EDTA (Liu et al.

2013), and carbon nanotubes/silica nanoparticles (Saleh

2015b). Some adsorbents may be low cost, but removal

efficiency is poor from a practical perspective. Some

organic adsorbents may suffer from degradation or/and

release into water, leading to secondary pollution. Hence,

there is a need to explore novel and environmentally

friendly alternatives with high adsorption capacity, espe-

cially in severe conditions.

In recent years, inorganic nanomaterials have attracted

great attention in wastewater treatment (Saleh 2015a). CdS/

ZnS core–shell nanoparticles (Amiri et al. 2014), layered

protonated titanate nanosheets (Lin et al. 2014), hybrid

HnPMo12O40@Fe(III)xSn(II)ySn(IV)1-x–y (Yousefi et al.

2015), and MWCNT/MnO2 (Saleh et al. 2011) have been

analyzed for their ability to remove heavy metals. The

literature survey suggests that inorganic nanomaterials are

attractive due to their remarkable physical and chemical

properties. However, there are still some issues to be

solved, such as the complex preparation procedure, and

they are not applicable in acidic conditions.

The phosphates of tetravalent metals, as one non-soluble

inorganic salt, have many attractive properties such as high

thermal stability, resistance to acid, alkalinity, oxidation,

and good ion-exchange ability. Since (Clearfield and Sty-

nes 1964) reported the synthesis of crystalline zirconium

phosphate by refluxing gelatinous precursor, many studies

have been done with zirconium phosphate or its derivatives

in the field of novel material (Shakshooki et al. 2015),

catalyst (Wen et al. 2015), photophysics (Marti et al. 2007),

medical science (Deshapriya et al. 2014), and the envi-

ronment (Pica et al. 2015). By contrast, not much research

has focused on tin(VI) hydrogen phosphate, especially in

the context of saline wastewater decontamination.

In this work, amorphous tin(VI) hydrogen phosphate

(ATHP) was synthesized as an excellent alternative mate-

rial for the removal of Pb(II), Cu(II), and Zn(II) in

wastewater, especially in high-salinity media. The as-syn-

thesized ATHP was characterized. Various experimental

conditions such as solution pH, reaction time, initial con-

centration of heavy metals, and salinity were investigated.

Three models, namely the Freundlich, Langmuir, and

Dubinin–Kaganer–Radushkevich (D-K-R) systems, were

used to fit the isothermal adsorption data. Recovery and

regeneration experiments were also conducted. Subse-

quently, the adsorption mechanism was proposed. The

work was performed at Huaihai Institute of Technology,

China, during 2013–2014.

Materials and methods

Materials

Tin(IV) tetrachloride [SnCl4�5H2O, 99.0 %], lead(II)

nitrate [Pb(NO3)2, 99.99 %], copper sheet [Cu, 5 N], zinc

granule [Zn, 5 N], sodium chloride [NaCl, 99.5 %], phos-

phoric acid [H3PO4, 85.0 %], hydrogen chloride [HCl,

36.0–38.0 %], nitric acid [HNO3, 65.0–68.0 %] were pur-

chased from Sinopharm Chemical Reagent Co. Ltd

(Shanghai, China). All chemicals were of analytical grade

or better and used as received without further purification.

All glassware was acid washed, soaked, and water rinsed

beforehand. All solutions were prepared by using ultrapure

water (resistivity 18.2 MX cm).

Preparation of ATHP

ATHP was synthesized through the liquid phase precipi-

tation method. In a typical procedure, 500 mL of 0.30 mol/

L SnCl4 and 0.60 mol/L H3PO4 solution was added drop-

wise until the P/Sn mole ratio was 4 with continuous stir-

ring at 25 �C. The resulting white mixture was kept for

12 h in a water bath (25 �C), centrifuged, washed with

conductivity water till free of chloride ions, and then

vacuum dried at 60 �C. The materials obtained were sized

by sieving to 160 mesh size and kept in air-tight containers

for characterization and adsorption experiments.

Characterization of ATHP

N2 adsorption and desorption experiment at 77 K was

tested on a SA3100 Plus apparatus (Beckman Coulter,
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USA) to determine the specific surface area and pore vol-

ume. Transmission electron microscopy (TEM) image was

observed on a JEM 2100F STEM microscope (JEOL,

Japan) with an acceleration voltage of 200 kV. The powder

samples were dispersed ultrasonically in methanol and then

pre-deposited onto copper grids. Scanning electron

micrograph (SEM) was obtained on a JSM-6390LA

microscope (JEOL, Japan) by applying 15 kV voltage.

Phase analysis was done using X-ray diffraction (XRD) on

a SCINTXTRA diffractometer (ARL, Swiss) with CuKa

radiation (k = 1.54 Å) in the range of 2h value between 4�
and 70� with a scanning speed of 2�/min.

X-ray photoelectron spectroscopy (XPS) analysis was

executed using a Thermo ESCALAB 250 photoelectron

spectrometer. Experiments were carried out with the stan-

dard AlKa radiation source (hm = 1486.6 eV, 150 W)

under 2 9 10-9 mbar vacuum. The shift of the binding

energy was referenced to C1s hydrocarbon carbon peak at

284.8 eV.

Potentiometric titration was carried out in an automatic

potentiometric titrator (ZDJ-4A, Shanghai Precision and

Scientific Instrument Corporation, China) at room tem-

perature. In the potentiometric titration experiment, 0.1 g

of ATHP was put into 50 mL of 0.1 mol/L KCl solution

with the pH value pre-adjusted to 3 with 0.1 mol/L HCl or

KOH. 0.1 mol/L KOH was then slowly added to the sus-

pension from the microburette under continuous stirring

until the pH value reached 9.0. For comparison, blank

titration was conducted without adding ATHP.

Adsorption and desorption experiments

Adsorption experiments

The stock solutions of Pb(II), Cu(II), and Zn(II) used in the

adsorption experiments were obtained by dissolving

Pb(NO3)2, copper sheet, or zinc granule in nitric acid

solution. A further working solution was freshly made by

diluting the stock solution.

The batch adsorption experiments were carried out in a

series of 250 mL Erlenmeyer flasks by adding 0.1 g of

ATHP to 100 mL of Pb(II), Cu(II) or Zn(II) working

solution at specific concentration (Ci) and pH adjusted with

0.2 mol/L HNO3 or 0.2 mol/L NaOH solution. NaCl was

used to adjust salinity. The flasks were agitated in a rotary

and thermostatical oscillator at 120 rpm and 25 �C. The

samples were collected at a predetermined time interval.

The mixture was filtered and the first 30 mL filtrate

abandoned. Then the residual concentration of metal ions

in the supernatant was measured by atomic absorption

spectroscopy (AAS) (TAS-990, PGeneral, China). All

experiments were duplicated.

The amount of metal adsorbed per unit mass of ATHP

(qe, mg/g) was defined as follows:

qe ¼
ðCi � CeÞV

w
ð1Þ

where Ci and Ce are the initial and equilibrium concen-

tration (mg/L), w is the mass of ATHP (g), and V is the

volume of the solution (L).

Desorption experiments

First, adsorption of Pb(II), Cu(II), and Zn(II) with ATHP

was conducted in a large-scale scenario to prepare mate-

rials for further desorption. HCl was selected as eluent

agent based on prior experiment. Different concentrations

of HCl were mixed with dried ATHP loaded with Pb(II),

Cu(II), or Zn(II) to determine the optimal eluent

concentration.

Then desorption tests were done in a similar manner to

the adsorption experiments. 0.2 g ATHP loaded with

Pb(II), Cu(II), and Zn(II) was mixed with 50 mL eluent

agent for 180 min and shaken at 120 rpm and 25 �C. The

concentration of Pb(II), Cu(II), or Zn(II) in the eluent

solution was measured by AAS. Once the desorption was

concluded, samples were collected and dried for reusing in

a new adsorption–desorption cycle. The concentration of

heavy metals in this section was 50 mg/L and the volume

50 mL.

The desorption amount (qdes, mg/g) can be calculated as

follows:

qdes ¼ CdesVelu ð2Þ

where Cdes is the concentration of Pb(II), Cu(II), or Zn(II)

in the eluent solution (mg/L), and Velu is the volume of

eluent solution (L).

Results and discussion

Characterization of ATHP

Figure 1 illustrates the XRD pattern of ATHP. It is evident

in Fig. 1a that no apparent diffraction peaks were observed

over the whole range. A broad and weak Bragg diffraction

peak centered at 25� and even weaker peak between 42�
and 50� indicate that ATHP (Sn(HPO4)2�H2O) is amor-

phous with poor crystallinity (Velasquez et al. 2004). The

amorphous nature of ATHP is also visible according to the

pattern shown in the TEM image (Fig. 1c). No diffraction

pattern was found in selected area electron diffraction. The

lamellar structure of ATHP is composed of nano particles

with mean grain size of approximately 3 nm. An
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observation of the SEM micrograph (Fig. 1d) indicates the

presence of highly irregular pores and rough structure on

the surfaces, which is favorable for adsorption. The Bru-

nauer–Emmett–Teller (BET) specific surface area was

determined as 180.9 m2/g by N2 adsorption–desorption

method. The pore size distribution of ATHP (see Fig. S1)

shows that the majority of pores fell into the range of

mesopores (between 2 and 7.5 nm in diameter). The vol-

ume of BJH desorption of mesopores in this range was

calculated as 0.01778 mL/g, accounting for 61.58 % of the

total pore volume. This is consistent with the high porous

surface revealed in the SEM image.

In order to verify the adsorption of Pb(II), Cu(II), and

Zn(II) on ATHP, XPS survey spectra were scanned (see

Fig. 2). The peak with binding energy of *487 eV cor-

responded to Sn3d5. The peaks located around 134 and

532 eV were attributed to P2p, O1s, respectively. After the

adsorption of Pb(II), Cu(II), and Zn(II), peaks at *139,

933, and 1023.4 eV were detected, confirming the presence

of Pb(4f), Cu(2p), and Zn(2p3) in the ATHP.

Potentiometric titration curves are presented in Fig. 1b

to elucidate the nature and numbers of exchangeable

hydrogen ions in ATHP. The gradual increase in the

suspension pH with the addition of KOH solution contrasts

strikingly to the quick ascending of blank solution pH. This

buffering effect confirmed the H? liberation from ATHP,

subsequently suggesting its ion exchanging property. The

two weak plateaus in the ATHP titration curve correspond

to the replacement of two hydrogen ions, which signified

Fig. 1 a XRD pattern, b potentiometric titration curve in the media of 0.1 mol/L KCl, c TEM, and d SEM image of ATHP
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Fig. 2 XPS spectra of ATHP and ATHP loaded with Pb(II), Cu(II),

and Zn(II)
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the difference in ion exchanging ability (Parida et al. 2004).

According to the chemical formula of ATHP, the theoret-

ical ion exchange capacity is calculated as 6.08 meq/g.

Point of zero charge, defined as pHPZC, refers to the

electrical neutrality of the adsorbent at a particular pH

value in solution (Saleh 2015a). In this study, the pHPZC of

ATHP was determined using the pH drift method (Chutia

et al. 2009). The graph concerning final pH versus initial

pH is shown in Fig. S2, and the pHZPC of ATHP was found

to be 2.77.

Effect of pH

pH value is an important factor that influences the

adsorption process. According to the speciation diagram

(see Fig. S3), Pb(II), Cu(II), and Zn(II) exist in various

species. When the pH of solution increases to 8.0, 5.9, and

7.1, precipitates of Pb(OH)2, Cu(OH)2, and Zn(OH)2 are

formed. In order to avoid metal precipitation under higher

pH conditions, adsorption was carried out using pH levels

of 2.5–6.0, 2.5–6.5, and 2.5–7.0 for Pb(II), Cu(II), and

Zn(II), respectively. In this pH range, Pb2?, Cu2?, and

Zn2? dominate in species distribution with a declining

trend in amount. Furthermore, Pb(OH)?, Cu(OH)?, and

Zn(OH)? begin to appear at the pH of 3.1, 4.2, 6.7,

respectively, with a rise in percentage. Effect of pH on the

adsorption of Pb(II), Cu(II), and Zn(II) onto ATHP is

depicted in Fig. 3. When the pH of the solution increased

from 2.5, there was a corresponding decrease of H? ions in

the solution and this led to an increase in deprotonation of

the ATHP surface. Hence, the competition between H? and

heavy metal ions for the binding sites on the ATHP

declined while the adsorption increased. Good adsorption

occurred at the pH below the pHZPC 2.77 where the net

charge on the surface was positive, and this is evidence for

the efficient and specific adsorption of Pb2?, Cu2?, and

Zn2?. The slight increase in adsorption at the pH higher

than pHZPC, where the surface of the adsorbent was neg-

ative, was also observed. Earlier studies have reported

similar patterns for the effect of pH on the adsorption of

heavy metals (Momčilović et al. 2011; Akkaya 2013). It

was observed the adsorption reached a plateau around pH

5.0, 5.0, and 5.5 for Pb(II), Cu(II), and Zn(II) with an

adsorption amount 24.06, 19.35, and 16.3 mg/g, respec-

tively. Therefore, all the adsorption experiments were

carried out at the pH as stated previously.

It should be noted that precipitate was not found at pH

6.5 in the Cu(II) adsorption system, which may be attrib-

uted to the dynamic conversion from Cu(OH)2 to Cu(OH)?

and Cu2? owing to the preferential removal of Cu(OH)?

and Cu2?. It is also worth noting that all of the pH values in

each flask fell to some extent, which indicated the release

of hydrogen ions while the heavy metal ions were adsorbed

and this verified the ion exchanging property of ATHP.

Effect of contact time

The variation in Pb(II), Cu(II), and Zn(II) adsorption as a

function of reaction time is shown in Fig. 4. Analysis of

this data suggests that the adsorption was very fast in the

first few minutes, slowed down thereafter, and reached

equilibrium after approximately 180 min. The ratios of the

adsorption amount at 10 min, equilibrium time to the

maxima are 91.83, 75.81, 83.42, and 98.20, 96.69, and

99.20 % for Pb(II), Cu(II), and Zn(II), respectively. The

relatively short equilibrium time (180 min) is considered to

indicate a chemically controlled process, rather than a

diffusion-controlled process (Horsfall and Spiff 2005).
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Fig. 3 Effect of pH on Pb(II), Cu(II), and Zn(II) adsorption by ATHP

(Ci = 50 mg/L, w = 2 g/L, 25 �C, t = 10 h)
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Fig. 4 Effect of reaction time on Pb(II), Cu(II), and Zn(II) adsorption

by ATHP (Ci = 50 mg/L, w = 2 g/L, 25 �C, Pb, Cu pH 5.0, Zn pH

5.5)
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Further extension of reaction time is not time-effective, and

for this reason, 180 min was selected for further

experiments.

Adsorption isotherm

The equilibrium adsorption data are useful for understanding

the interaction between adsorbate and adsorbent, and to

design and operate the adsorption process. Several isother-

mal models have been used for the data analysis. In this

study, three models, i.e., Freundlich, Langmuir, and Dubi-

nin–Kaganer–Radushkevich (D-K-R) isotherms, are

employed to investigate the single-solute adsorption process.

The Freundlich isotherm is an empirical equation for

adsorbents with heterogeneous surfaces and can be

expressed as (Lasheen et al. 2012) follows:

qe ¼ kFC
1=n
e ð3Þ

The Langmuir model assumes the adsorbent exhibits a

homogeneous surface, and all the adsorbent sites have

equal affinity to the adsorbate. The equation is described

below (Lasheen et al. 2012):

qe ¼
bqmCe

1 þ bCe

ð4Þ

where qe (mg/g) is the adsorption capacity at equilibrium

with corresponding concentration Ce (mg/L); b (L/mg) is

the Langmuir constant related to the free adsorption

energy; and qm (mg/g) is the maximum adsorption capac-

ity. kF (mg1-n/g) and 1/n denote the Freundlich constant

indicative of the adsorption capacity and adsorption

energy, respectively.

Generally, when judging the accuracy and consistency

of an isotherm model’s fit to experimental equilibrium

data, the magnitude of regression correlation coefficient

(R) close to unity was used as the scale. However, a good

R value cannot guarantee there is no bias between pre-

dictions and adsorption data, especially when the equation

was linearized (Foo and Hameed 2010). Subsequently,

many error functions have lately been addressed to find

the best viable model that can quantify the distribution of

adsorbates. In this study, Marquardt’s percent standard

deviation (MPSD) is used. It is similar to the geometric

mean error distribution except that integrates the number

of degrees of freedom. The standard deviation Dq (%) is

calculated as follows (Shahmohammadi-Kalalagh and

Babazadeh 2013),

Dq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

p� n

X

p

i¼1

qexp � qcal

qexp

� �2

i

v

u

u

t

2

4

3

5� 100 ð5Þ

where qexp and qcal are adsorption capacity obtained from

the experiment and model, respectively, p is the number of

data points, and n the number of parameters in the isotherm

equation.

The Langmuir and Freundlich adsorption isotherms of

the Pb(II), Cu(II), and Zn(II) ions by ATHP are shown in

Fig. 5. Nonlinear least-square regression analysis with the

aid of Origin software was used to obtain isotherms

parameters. The results are listed in Table 1.

Examination of the data (Table 1) shows that the

Langmuir equation is better for Pb(II) and Cu(II) adsorp-

tion by ATHP owing to higher regression coefficient

(R) and lower standard deviation (Dq) compared to the

Freundlich model. Meanwhile, the adsorption data of

Zn(II) show a better fit with the Freundlich model. The

n values falling in the range of 1 and 10 reveal a favorable

adsorption. The qm values of Pb(II), Cu(II), and Zn(II) from

the Langmuir model are 1.801, 2.425, and 0.600 mmol/g,

respectively, which suggests the adsorption affinity of

Pb(II), Cu(II), and Zn(II) for ATHP following the order:

Cu[ Pb[Zn.
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Fig. 5 Langmuir, Freundlich and D-K-R plots for adsorption of Pb(II), Cu(II), and Zn(II) by ATHP (Ci = 30–1000 mg/L, w = 2 g/L, 25 �C,

180 min, Pb(II), Cu(II) pH 5.0, Zn(II) pH 5.5)
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The Dubinin–Kaganer–Radushkevich (D-K-R) model is

an analogue of the Langmuir one in which the assumption

of homogenous or heterogeneous adsorbent surface is not

necessary. The equation could be written as (Shi et al.

2015) follows:

qe ¼ qs expð�BðRT lnð1 þ 1=CeÞÞ2Þ ð6Þ

where qe (mol/g) is the amount adsorbed at equilibrium, qs

(mol/g) is the saturation sorption capacity, B (mol2/kJ2) is

the activity constant related to mean free energy of

adsorption, R is the universal constant, T (K) is the reaction

temperature, and Ce (mol/L) is the equilibrium

concentration.

The D-K-R isotherms are also plotted in Fig. 5 together

with the experimental data points. The regression coeffi-

cient (R) and standard deviation (Dq) are 0.9867, 0.9916,

and 0.9972 and 64.82, 18.15, and 2.75 % for Pb(II), Cu(II),

and Zn(II), respectively. The mean free energy, E (kJ/mol),

was calculated from the relationship E ¼ 1=
ffiffiffiffiffiffi

2B
p

as 12.33,

10.70, and 14.74 kJ/mol for Pb(II), Cu(II), and Zn(II),

respectively. In general, if the magnitude of E lies in the

8–16 kJ/mol range, the adsorption is considered to proceed

via chemical ion exchange process, while the E values of

1–8 kJ/mol indicate a physical nature (Shi et al. 2015).

Thus, the adsorption mechanism in our systems can be

confirmed as an ion exchange process.

The adsorption capacities qm derived from the D-K-R

model are 0.00462, 0.00487, and 0.00087 mol/g for Pb(II),

Cu(II), and Zn(II), respectively, which deviate quite some

way from the maximum adsorption capacities qmax

obtained from the Langmuir model. This difference may lie

in the different definitions of qmax and qm in the two models

(Xu et al. 2008).

It should be noted that even significant fall of pH values

in the equilibrium adsorption process was found. The ratio

of hydrogen ions increased when M (M = Pb, Cu) was

adsorbed from 2.06 to 2.14 by linear fitting (see Fig. S4),

which is close to the theoretical value of 2; this demon-

strates an adsorption mechanism as follows,

Sn HPO4ð Þ2þM2þ ! SnM PO4ð Þ2þ2Hþ M ¼ Pb;Cuð Þ
ð�Þ

As for Zn(II), there is a poor linear relationship between

the increase in hydrogen ions and Zn(II) being adsorbed

(not shown). This implied the existence of a multi-

mechanism except for ion exchange as listed in equation

(*).

As for the difference in adsorption favorability of

adsorbent for the heavy metals, this may be due to a

number of influencing factors, e.g., electronegativity,

hydration radii, hydration enthalpies, and solubility of the

cations. Theoretically, for the ions having the same

valence, the smaller ion will hold hydration water more

strongly due to a higher charge density and hence larger

hydration capacity resulting in weaker binding of the ion

on the adsorbent (Bohli 2013). Electronegativity indicates

the tendency of an atom to attract electrons. It is expected

that metals with higher electronegativity will show

enhanced preference (Zhang 2011). In the adsorption sys-

tem of Pb, Cd, and Zn onto Fe(III)-modified zeolite,

hydrate ion radii and hydration energy are deemed to be the

key factors in this process (Mihajlovic et al. 2014), while

the sorption affinity sequence Cu[Zn[ Pb with Lewatit

CNP 80 as ion exchanger shows inverse relationship with

the ionic (Pehlivan and Altun 2007). Schwertmann and

Taylor reported the adsorption selectivity of several tran-

sition metals for goethite followed the order of

Cu[ Pb[Zn[Cd[Co[Ni[Mn, which is quite

consistent with electronegativity as an leading factor

(Schwertmann and Taylor 1989). Therefore, we find that

the adsorption preference order varies with the sort of

sorbents since the interaction mechanism between adsor-

bates and adsorbents differs remarkably. While diverse

citation sources about the chemical characteristics data of

the metal ions exist, and the data sometimes are different

and even contradictory, they may nonetheless contribute to

this non-conformity about the relationship between the

influence factors and the adsorption favorability.

Table 2 summarizes the above-mentioned characteris-

tics of the metals used in this study. The adsorption affinity

observed in this study agrees well with the magnitude of

electronegativity (Cu[ Pb[Zn), which echoes other

studies (Wang et al. 2013; Schwertmann and Taylor 1989).

The adsorption preference shows no consensus with radius,

hydrated radius and hydration enthalpies. However, the

correlation between the negative logarithmic values of the

metal’s first hydrolysis constant and maximum adsorption

is observed, with a regression coefficient (R) 0.9553. It has

Table 1 Langmuir and

Freundlich parameters for the

adsorption of Pb(II), Cu(II), and

Zn(II) ions by ATHP

Metal Langmuir Freundlich

qm (mg/g) b (L/mg) R Dq (%) kF (mg1-n/g) n R Dq (%)

Pb 373.25 0.05846 0.9820 30.82 54.4805 2.7918 0.9753 100.47

Cu 154.06 0.02502 0.9947 9.17 18.4918 2.7661 0.9801 27.57

Zn 39.22 0.08963 0.9218 23.62 12.5347 5.2636 0.9896 7.54
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been pointed out that a higher hydrolysis constant will

lower the degree of salvation of metal ions, thus enabling

them to better approach the adsorbent surface and exert

better adsorption (Burns et al. 1999). This trend was also

reported elsewhere (Schwertmann and Taylor 1989;

Brümmer 1984; Elliott et al. 1986).

Adsorption in saline solution

Salinity plays an important role in the adsorption process

because the existence of the electrolyte ions in the solution

will cause changes in adsorbate activities, and adsorbent

surface charge by electrostatic interactions. The compre-

hensive impact is negative in many circumstances.

Seawater predominantly consists of about 3.5 % of sodium

chloride (NaCl) which is around 0.6 mol/L. In this study,

the concentration of NaCl varies from 0 to 0.7 mol/L.

Figure 6a depicts the effects of salinity on the adsorption of

Pb(II), Cu(II), and Zn(II) by ATHP in a single-component

system. As the concentration of NaCl increases, the

adsorption capacity of Pb(II), Cu(II), and Zn(II) all

decreased in varying degrees. At the concentration of

0.6 mol/L, the adsorption capacity was 19.35, 15.16, and

6.425 mg/g, which was 82.43, 74.64, and 41.99 % com-

pared with the quantity at zero NaCl for Pb(II), Cu(II), and

Zn(II), respectively. Figure 6a also indicates a negative

correlation between the concentration of NaCl and

adsorption capacity with correlation coefficient (R) of

0.9389, 0.9568, and 0.9928, which may be explained by the

competition of Na? with heavy metals for the adsorption

sites, the formation of Cl- complexes which are not

adsorbable, and the decrease of available Pb2?, Cu2?, and

Zn2?.

Figure 6b shows the effect of salinity on the adsorption

of Pb(II), Cu(II), and Zn(II) by ATHP in coexistence sys-

tems under varying concentrations of NaCl. Inhibition

effect was observed in the multi-ions and saline system

with 26.3, 46.0, and 64.6 % drop in adsorption capacity at

the NaCl concentration of 0.6 mol/L compared with that

shown in Fig. 6a for Pb(II), Cu(II), and Zn(II), respec-

tively. The corresponding adsorption capacities were

14.25, 8.18, and 2.28 mg/g, which showed great superiority

over the adsorbent reported (Xu et al. 2008; Green-Ruiz

et al. 2008).

Desorption studies

From a practical point of view, reusability is very impor-

tant for an application-oriented adsorption. Different con-

centrations of HCl were investigated to determine the best

conditions. The desorption ratios of Pb(II), Cu(II), and

Zn(II) are 91.14, 92.64, and 97.30 %, respectively, when

Table 2 Electronegativity,

radius, hydration radius, and

hydration heat of metal ions

Metal Radius (Pauling’s

rules) (nm)a
Hydrated

radius (nm)a
Hydration

enthalpies

(kJ/mol)a

Electronegativity

(Pauling scale)b
Hydrolysis

constant (pK1)b

Cu 0.073 0.419 -2010 2.0 7.5

Pb 0.120 0.401 -1481 1.87 7.8

Zn 0.074 0.430 -1955 1.65 9.6

a (Golomeova et al. 2014)
b (McBride 1989)
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(a) (b)Fig. 6 Effect of salinity on the

removal of Pb(II), Cu(II), and

Zn(II) by ATHP a single-

component system

(Ci = 50 mg/L, c(NaCl) = 0-

0.7 mol/L, w = 2 g/L, 25 �C,

180 min, Pb(II), Cu(II) pH 5.0,

and Zn(II) pH5.5);

b coexistence systems

(Ci = 50 mg/L,

c(NaCl) = 0–0.6 mol/L,

w = 2 g/L, 25 �C, 180 min, pH

5.0)
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the concentration of HCl is 0.5 mol/L, while the desorption

ratios are 92.57, 94.79, 98.05, 95.30, 94.94, and 98.24 %

when the concentrations of HCl are 3 and 5 mol/L, also,

respectively. It is clear that a higher concentration of HCl

favors the desorption process. However, the increase in

concentration cannot lead to a significant grow in desorp-

tion amount, and therefore it is not cost-effective. So,

0.5 mol/L HCl was selected as the eluent agent for further

analysis. The adsorption–desorption cycle was repeated

three times in this study, and the results are shown in

Fig. 7. It can be seen that the adsorption capacity in the

second and third cycles decreased by approximately 10 %

owing to the incomplete desorption; however, the ATHP

still maintained high adsorption efficiency. The adsorption

amount was maintained at 18.81, 16.33, and 14.62 mg/g

for Pb(II), Cu(II), and Zn(II), respectively. These results

suggest that ATHP is an effective and recyclable adsorbent

for the removal of Pb(II), Cu(II), and Zn(II) in wastewater

treatment.

Comparison with other adsorbents

The high adsorption ability of ATHP can be ascribed to its

mesoporous structure, high specific surface, and intrinsic

nature. The Sn atoms lying very nearly in a plane were

bridged by O3P-OH which had a tetrahedral structure with

a P atom situated in the center. Of the four O atoms in the

O3P-OH group, three are bonded to three different Sn

atoms and the fourth O atom is bonded with the H atom

(Clearfield and Stynes 1964). The interconnected Sn-O-P-

O-Sn structure makes these atoms very stable and will not

leach out when placed in an aqueous solution. The ion

exchange property lies in the hydrogen ion in P-O-H. AAS

analysis in this study showing no Sn element in the reaction

solution confirmed no leaching of Sn.

Table 3 summarizes the maximum adsorption capacity

of ATHP and other adsorbents reported in the literature

toward Pb(II), Cu(II), and/or Zn(II) removal. Most of the

maximum adsorption capacities are calculated using the

Langmuir isotherm. A comparison shows that ATHP is

clearly superior over many adsorbents for Pb(II), Cu(II),

and Zn(II) from aqueous solutions. The biggest shining

spot of ATHP as a potential candidate for removing heavy

metals is its inorganic nature, insolubility in water, acid and

base, good thermal stability, facile preparation procedure,

and low cost. However, ATHP in the form of ultrafine

1 2 3
0

5

10

15

20

25
q 

(m
g/

g)

Round

Pb
Cu
Zn

Fig. 7 Reusability of ATHP during three adsorption–desorption–

regeneration cycles

Table 3 Maximum adsorption

capacities of various adsorbents

for Pb(II), Cu(II), and/or Zn(II)

removal

Adsorbent Adsorption capacity (mg/g) References

Pb(II) Cu(II) Zn(II)

CSH/chitosan mesoporous microspheres 796 425 400 (Zhao et al. 2014)

Montmorillonite–kaolinite clay with TiO2 71.1 42.9 15.4 (Ðukić et al. 2015)

Amidoxime chelating resin 331.5 185.6 – (Shaaban et al. 2014)

Graphitic-C3N4 281.8 133.8 – (Shen et al. 2015)

Hydrous manganese dioxide 100.3 36.5 – (Hasan and Jhung 2015)

S-doped graphene sponge – 228 – (Zhao et al. 2015)

multi-carboxyl-functionalized silica gel – 47.07 39.96 (Li et al. 2014)

Dithiocarbamate functionalized MWCNT – 98.1 11.2 (Li et al. 2015)

Nanoporous activated neem bark – 21.2 11.9 (Maheshwari et al. 2015)

Commercial Diphonix – 29.5 26.2 (Turhanen et al. 2015)

ATHP 373.25 154.06 39.22 Present work

‘‘–’’ Stands for not available
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particles cannot be directly used in large-scale operations.

The immobilization of ATHP onto large porous particles or

magnetic materials is essential, and relative research is

underway.

Conclusion

The adsorption of Pb(II), Cu(II), and Zn(II) on ATHP was

investigated using batch experiments. The removal of

metal ions was highly efficient, and equilibrium time was

observed within 180 min. Increasing pH favored the

adsorption in the experimental pH range. ATHP demon-

strated good adsorption capacity even below the pHZPC

2.77, and maximum adsorption occurred at 5.0 for Pb(II)

and Cu(II) and at 5.5 for Zn(II); Pb(II) and Cu(II)

adsorption isotherm data fitted the Langmuir isotherm

better, while Zn(II) adsorption data fitted the Freundlich

model better. The saturated adsorption capacities received

from the Langmuir model were 1.801 mmol/g for Pb(II),

2.425 mmol/g for Cu(II), and 0.600 mmol/g for Zn(II). The

order of adsorption selectivity was Cu[Pb[Zn. The

adsorption mechanism is ion exchange between H? and

metal ions. ATHP showed excellent ability to remove

Pb(II), Cu(II), and Zn(II) in a saline medium when the

adsorption capacities were 19.35, 15.16, and 6.425 mg/g,

respectively, at the NaCl concentration of 0.6 mol/L. The

heavy metal-loaded ATHP can be regenerated by HCl

solution. The regenerability and recyclability of ATHP

demonstrated it is a promising material for sequestering

heavy metals in saline wastewater.
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Brümmer GW (1984) Heavy metal species, mobility and availability

in soils. In: Bernhard M, Brinckman FE, Sadler PJ (eds) The

importance of chemical ‘‘speciation’’ in environmental pro-

cesses. Springer, Berlin

Burns CA, Cass PJ, Harding IH, Crawford RJ (1999) Adsorption of

aqueous heavy metals onto carbonaceous substrates. Colloids

Surf A 155:63–68

Chutia P, Kato S, Kojima T, Satokawa S (2009) Arsenic adsorption

from aqueous solution on synthetic zeolites. J Hazard Mater

162:440–447

Clearfield A, Stynes JA (1964) The preparation of crystalline

zirconium phosphate and some observations on its ion exchange

behaviour. J Inorg Nucl Chem 26:117–129

Deshapriya IK, Kim CS, Novak MJ, Kumar CV (2014) Biofunction-

alization of a-zirconium phosphate nanosheets: toward rational

control of enzyme loading, affinities, activities and structure

retention. ACS Appl Mater Inter 6:9643–9653
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