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Sorption of Ni(II) on Na-attapulgite as a function of pH and ionic strength is investigated under ambient
conditions. The results indicate that sorption of Ni(Il) is strongly dependent on ionic strength at pH<8,
and independent of ionic strength at pH > 8. Results of the desorption tests of Ni(Il) from bare and HA
bound attapulgite hybrids indicate that the sorption is reversible at pH 6.0. Outer-sphere complexation
or ion exchange may be the main sorption mechanism of Ni(Il) to attapulgite at pH <8, whereas the

{\(]e:y]\l/vords: uptake of Ni(Il) at pH > 8 is mainly dominated by inner-sphere complexation. The presence of FA and HA
S(;(rpiion decreases Ni(Il) sorption to FA/HA-attapulgite hybrids at pH> 7 obviously, and the influence at pH<7 is
Attapulgite weakly. Sorption of Ni(II) to Na-attapulgite increases with increasing temperature. The thermodynamic
pH data(AHO, ASY, AG?) are calculated from the temperature-dependent sorption isotherms, and the results

Humic substances
Temperature

suggest that sorption process of Ni(Il) on attapulgite is spontaneous and endothermic.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Attapulgite [(Mg, Al)4(Si)g(0,0H,H;0),6-nH,0] is a hydrated
magnesium aluminum silicate present in nature as fibrillar mineral
[1,2]. It presents in natural environment and its structure was illus-
trated in 1940, and later refined by many authors [3-6]. Attapulgite
is a kind of di-octahedral clay mineral, formed by discontinuous
octahedral layers elongated in the C-direction alternated with con-
tinuous tetrahedral ones. The apex of SiO4 tetrahedral point upward
and downward conforms two chains which causes the special
micro-aperture and micro-channel structures in the C-direction.
Under ambient conditions and room temperature, three kinds of
water generally present on attapulgite particles: (i) sorption water
on the mineral surface by physical effect; (ii) zeolitic water in
the micro-channel by weakly bound effect; and (iii) crystalline
water that tightly bound water-molecules completing with the
coordination of the (Mg and Al) cations at the borders of each
octahedral layer (i.e., structural water). Besides the three kinds of
water, attapulgite also contains structural hydroxyl groups (Al-OH
and Mg-OH) [4,5,7,8] and other sorption sites such as cations of
tetrahedron, and the fringe complex water of structure with Mg2*
and silicic-hydroxyl groups (Si—-OH) [9]. Because of its special struc-
ture, attapulgite can be modified by cationic surfactant and has
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permanent negative charges on its surface, to enhance the contam-
inant retention, to adsorb and to retard contaminant migration on
its surface or in its micro-channel. In addition, some isomorphic
substitutions in the tetrahedral layer, such as AI** for Si**, develop
negatively charged adsorption sites able to electro-statically adsorb
cation ions [10,11]. In last decades, attapulgite has been intensively
investigated as adsorbent in the removal of organic contaminants
and heavy metal ions from the solutions and heavy metal polluted
soils in the natural environment [12-15].

Nickel is a toxic metal ion present in wastewater and most of
nickel is used in steel factories, electroplating and ceramic industry,
battery and accumulator manufacturing [16,17]. Sorption of Ni(II)
on clay minerals, which are ubiquitous in the environment, has
been widely studied in the last decades. Many kinds of sorbents
such as solid humic acid, chelating resins, raw rice bran, hematite,
and montmorillonite have been used to remove Ni(Il) [18-20].
Many mechanisms have been synchronously postulated for Ni(Il)
sorption, including surface complexation, ion exchange, surface
precipitation/coprecipitation and diffusion into particle micropores
[21-23]. The property of negatively surface charge of attapulgite
makes it a suitable material for preconcentration and solidification
of metal ions from large volume of solutions. To the best of our
knowledge, the study of Ni(Il) on attapulgite, especially the ther-
modynamic data of Ni(Il) sorption on attapulgite and the effect of
humic substances on Ni(Il) uptake to humic-attapulgite hybrids, is
still scarce.

The main purposes of this paper are: (1) to investigate the sorp-
tion behavior of Ni(Il) on attapulgite; (2) to study the influence of
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ionic strength on Ni(Il) sorption; (3) to evaluate the effect of pH
on Ni(II) sorption; (4) to study the effect of temperature on Ni(Il)
sorption and to calculate the thermodynamic parameters of Ni(Il)
sorption on attapulgite; (5) to compare the influence of humic acid
and fulvic acid on Ni(Il) sorption in the ternary systems; (6) to study
the sorption and desorption behavior of Ni(Il) at different experi-
mental conditions; and (7) to discuss the sorption mechanism of
Ni(II) on attapulgite.

2. Experimental
2.1. Materials

All chemicals used in the experiments were purchased in ana-
lytic purity and used without any purification. The sample of
attapulgite was achieved from KaiXi Co. (Gansu, China), and was
treated with 5% hydrochloric acid for 24 h, then was immersed
into 20% NaCl solution for 60h; followed by washing with dis-
tilled water until no chloride was detected in supernatant with
0.01 M AgNOs. Thus achieved sample was dried at 105°C for 2h
in order to eliminate the free water. At last the sample was milled
and passed through a 320-mesh screen and then used in the exper-
iments [8,24,25].

Soil humic and fulvic acids were extracted from the soil of Gansu
province (China), and have been characterized in detail. The main
elements of HA are: C 60.44%, H 3.53%, N 4.22%, O 31.31% and S
0.50%; and those of FA are: C 50.15%, H 4.42%, N 5.38%, O 39.56%
and S 0.49%.

2.2. Experimental procedure

All the experiments were carried out under ambient conditions.
The stock suspension of attapulgite, NaNOs, and nickel stock solu-
tion were added in the polyethylene tubes to achieve the desired
concentrations of different components. It was necessary to note
that before the addition of nickel solution, attapulgite and NaNO;
were first shaken for 2 days to achieve the equilibration of Na* with
attapulgite. For the experiments in the presence of HA/FA, HA/FA
was equilibrated with attapulgite for 2 days before the addition
of nickel solution. The pH values of the solution were adjusted by
adding negligible volumes of 0.1 or 0.01 M HNO3; or NaOH. After
the suspensions were stirred for 2 days, the solid and liquid phases
were separated by centrifugation at 7500 rpm for 30 min.

The concentration of Ni(Il) was analyzed by spectrophotom-
etry at wavelength of 530 nm by using Ni butanedione dioxime
complex. The concentration of FA and HA was analyzed by UV-vis
spectrophotometry at wavelength of 294 nm. All the experimental
data were the averages of duplicate or triplicate experiments. The
relative errors of the data were about 5%.

For desorption experiments, the suspension of attapulgite was
centrifuged (7500 rpm, 30 min) at the end of the sorption exper-
iments; half of the supernatant was pipetted out and an equal
volume of background electrolyte solution with the same pH value
was added. Then the mixture was shaken and centrifugation was
done under the same conditions as in the sorption experiments.

3. Result and discussion
3.1. XRD analysis

XRD analysis (Fig. 1) showed that the crystal structures of
untreated attapulgite and attapulgite treated with NaCl did not
undergo any changes. One can see that there is no difference in
the peak positions (20=8.34, 27.49, 35.01 and 42.6) of the two
samples. It must be noticed that the peak at 26 =28.34 has inter-
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Fig. 1. XRD of attapulgite and Na-attapulgite.

planar distance (d)=1.064nm and is attributed to the basal plane
of attapulgite structure [26]. The intergrowth-minerals of mont-
morillonite and quartz are also found in the sample, and have been
marked in Fig. 1.

3.2. Effect of contact time

The removal of Ni(II) from solution to Na-attapulgite as a func-
tion of contact time was shown in Fig. 2. The removal of Ni(Il) by
Na-attapulgite was calculated by the following equation:

Sorption% = % x 100% (1)
0

where Cy is the initial concentration of Ni(Il), and Ceq is the equi-
librium one in supernatant after centrifugation. As can be seen
from Fig. 2, the sorption of Ni(Il) on attapulgite was very quickly
and the removal of Ni(Il) to attapulgite maintained level after 2 h
contact time. The quickly removal of Ni(Il) from aqueous solution
to attapulgite is essential for the application of attapulgite in the
removal of Ni(Il) from large volume of solutions. After the addi-
tion of attapulgite to solution, the sorption of Ni(Il) to attapulgite
occurs immediately and can be followed by the separation of atta-
pulgite from solution quickly. In the following experiments, 2 days
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Fig. 2. Effect of time on the sorption of Ni(ll) to Na-attapulgite.
Cinijinitial =8.52 x 107 mol/L, pH 6.0+£01, T=18+2°C, I1=0.01M NaNOs,
m/V=0.8g/L.
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Fig. 3. Effect of solid content on the sorption of Ni(Ill) to Na-attapulgite.
Cinifinitial = 1.7 x 1074 mol/L, pH 6.0 £ 0.1, T=18 £2°C, [=0.01 M NaNOs.

is selected to shake the test tubes to achieve the sorption equi-
libration. The high sorption capacity and quick sorption velocity
indicate that quite strong chemisorption or strong surface com-
plexation contributes to the sorption of Ni(Il) on Na-attapulgite.
Generally, ion exchange reactions or physical sorption of metal ions
on solid particles is slow as compared to surface complexation.

3.3. Effect of Na-attapulgite content

The sorption of Ni(Il) on Na-attapulgite as a function of solid
content was shown in Fig. 3. The distribution coefficient (K;) was
calculated from the concentration of Ni(Il) in suspension (Cy) and
that of Ni(II) in supernatant (Ceq) according to the following equa-
tion:

CO - Ceq V

K==

(2)

where V is the volume of the suspension and m is the mass of
attapulgite. It can be seen that the removal of Ni(Il) from solution
to Na-attapulgite increases with the increasing of Na-attapulgite
content as a linear relationship. With increasing solid content, the
functional groups at attapulgite surfaces increases and thereby pro-
vides more sites to cooperate with metal ions. This result is very
consistent with Ni(Il) sorption on Na-rectorite [27]. The distribu-
tion coefficient (K;) as a function of attapulgite content was also
plotted in Fig. 3. However, it is interesting to notice that the K val-
ues increase weakly with increasing attapulgite content under our
experimental conditions. Xu et al. [28] reported that the K; values of
Co(II) on bentonite decreased slightly with the increasing solid con-
tent, and Chang et al. [27] found that the K, values of Ni(Il) sorption
on rectorite decreased with the increasing solid content. Consider-
ing the physico-chemical properties of the distribution coefficient,
the K, values should be independent of solid content at very low
solid content. It is well known that attapulgite presents in solution
as fibrillar structures and the sites which participates the sorption
of metal ions locate not only on the surfaces but also in the channel
of the colloids. With increasing attapulgite content, local high con-
centration of Ni(Il) may be formed on solid surfaces and results the
precipitation or macromolecular colloids to be formed, and thereby
causes distribution coefficient increases slightly with increasing
solid content. Nevertheless, the interpretation is still questionably.
Further investigation is necessary.
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Fig. 4. Effect of pH and ionic strength on the sorption of Ni(II) to Na-attapulgite.
Cinijinitial =8.52 x 107> mol/L, T=18 £2°C, m/V=0.8 g/L.

3.4. Influence of pH and ionic strength

The pH of the system is a very important parameter for metal
ions sorption. The removal percent of Ni(Il) onto Na-attapulgite as
a function of pH values in 0.1,0.01 and 0.001 M NaNOs, respectively,
were investigated. To illustrate the variation and relationship of pH,
Ceq. and g, experimental data are plotted as three-dimensional plots
of g, Ceq, and pH (Fig. 4). On the pH-q plane, one can see that sorp-
tion of Ni(II) on attapulgite is strongly dependent on pH values, and
also dependent on ionic strength. The removal of Ni(Il) in 0.01 M
NaNOs solutions at pH 2-8 is higher than that atI=0.1 M and lower
than thatatI=0.001 M. No drastic difference can be found under the
three different ionic strength conditions at pH>8. On the pH-Ceq
plane, the concentration of Ni(Il) remained in solution decreases
with increasing pH to about pH 8, and then maintains level with
increasing pH at pH > 10. The data in pH-Ceq plane and pH-q plane
are in agreement with each other; On the Ceq—q plane, the projec-
tion is a straight line containing sorption data under the three ionic
strength conditions. It is known that the initial concentration of
Ni(II) in each experimental point is same. The following equation
can describe the relationship of Ceq—q:

VCO =mq + VCeq (3)
Eq. (3) can be rearranged as:
1% 1%
q=COE*Ceqa (4)

Cp is the initial concentration of Ni(ll), V is the volume and
m is the mass of attapulgite. Thereby, the experimental data
of Ceq—q lies in a straight line with slope (—V/m) and inter-
cept (Co(V/m)). The slope and the intercept calculated from Ceq—q
line are (—1.25+9 x 10~7) L/g and (1.065 x 10~% + 6 x 10~'1) mol/g,
which are quite in agreement with the values of m/V=0.8 g/L and
Co=8.52 x 10> mol/L (i.e., the values calculated from V/m and Cy
are 1.25 and 1.065 x 10~4). The 3D plots show the relationship
among Ceq, q and pH very clearly.

Comparing to Ni(Il) sorption on oxidized carbon nanotubes [29],
on Na-rectorite [27] and on palygorskite clay [30], the results of
this work are consistent with the results of the references. The
sorption of Ni(Il) on carbon nanotubes increased from ~10% (pH
3.8) to ~80% (pH 8). Chang et al. [27] studied the Ni(Il) sorption on
Na-rectorite and found that the removal of Ni(Il) increased slowly
at pH 2-7, then increased sharply at pH 7-9, and then maintained
level at pH > 9. Potgieter et al. [30] reported the Ni(II) ions adsorp-



Q. Fan et al. / Chemical Engineering Journal 150 (2009) 188-195 191

tion onto palygorskite increased with the pH values increasing, and
the increasing became abruptly at pH>5; and it was in agreement
with those found by Demirba et al. [31].

It is well known that the surface charge of attapulgite is neg-
ative at pH>4 [32]. The electrostatic attraction between Ni2* and
adsorbent particles would lead to increase the adsorption of Ni(Il)
onto Na-attapulgite [27,30,33]. Adsorption of Ni2* can be described
by ion exchange with hydrogen and sodium ions that saturate the
exchange sites on attapulgite surfaces [34]. The sorption edges over
three pH values suggest that the sorption of Ni2* on Na-attapulgite
is complicated and dominated by many mechanisms [35,36]. The
pH-dependent sorption indicates that surface complexation is one
main sorption mechanism. Whereas the ionic strength dependent
sorption indicates that ion exchange is also one main mechanism.
Below pH 8, adsorption is via ion exchange with hydrogen and
sodium ions that saturate the exchange sites [34]. At pH>8, sur-
face complexation contributes the uptake of Ni(Il) to attapulgite
surface. The exchange involving hydrated Ni2* can be depicted by
two elementary reactions:

(I) to exchange with hydronium ions:
2=S-0H+Ni*" - (=S-0),Ni+2H* (5)
(I) to exchange with Na* ions at attapulgite surfaces:
2=5-0Na+Ni*" - (=S —0),Ni+2Na* (6)
(1) hydrolysis of Ni2* in solution:
Ni** + nH,0 — Ni(OH),,(H,0)5 jn + mH* ™
(IV) Being n>m, and to exchange with hydrolyzed species:

=S — ONa + Ni(OH),,(H,0)2™™ —.= S — ONiOH + Na* (8)

It is necessary to note that the hydroxylated surface groups vary
at different pH values because of the protonation/deprotonation
processes as follows:

= SOH + H* <= SOH; 9)
= SOH »=S0" + H* (10)

With increasing pH values, the concentrations of surface species
(=SOH uncharged surface groups; = SOHJ positively charged sur-
face groups; =SO~ negatively charged surface groups) become
different. The concentration of = SOH;r decreases with increasing
pH, whereas =SO~ increases with increasing pH.

As can be seen from pH-q plane in Fig. 4, sorption of Ni(Il) on
Na-attapulgite is affected obviously by ionic strength at low pH val-
ues. Chen and Wang [29] studied Ni(II) sorption on oxidized carbon
nanotubes and found the Ni(Il) removal by oxidized carbon nan-
otubes decreased with ionic strength increasing. Chang et al. [27]
also found that Ni(IlI) sorption onto Na-rectorite was affected by
ionic strength at pH <7, and concluded that the sorption was mainly
dominated by ion exchange low pH values and formed inner-sphere
complexes at high pH values. Sorption of Ni(Il) onto Na-attapulgite
decreased with increasing of NaNO3 concentration at pH 6.0+ 0.1
(see Fig. 5). Because ion exchange or outer-sphere complexation is
influenced by ionic strength obviously [37-40], and inner-sphere
complexes is not affected by ionic strength [41,42]. One can con-
clude that sorption of Ni(Il) on Na-attapulgite is dominated by ion
exchange or outer-sphere complexation at low pH, and by inner-
sphere surface complexation at high pH.

3.5. Effect of temperature and thermodynamic data

It is well known that temperature is one of most important
parameters which dominate metal ions physicochemical behavior
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Fig. 5. Effect of ionic strength on the sorption of Ni(Ill) to Na-attapulgite.
Cinijinitial = 8.52 x 10~ mol/L, pH 6.0 £0.1, T=18 +2°C, m/V=0.8 g/L.

in environment. Fig. 6 shows the sorption isotherms at different
temperatures. As can be seen from Fig. 6, the sorption of Ni(Il)
increases with rise of temperature. The results indicate that the
sorption reaction is an endothermic process. Tertre et al. [43] and
Chang et al. [27] studied the sorption of Ni(Il) onto montmoril-
lonite and Na-rectorite, respectively, and found that the sorption
was weakly dependent on temperature at pH<6.

The thermodynamic parameters of Ni(ll) sorption on
Na-attapulgite was calculated from the temperature-dependent
sorption. The values of enthalpy (AH?) and entropy (AS?) were
calculated from the slope and intercept of the plot of InKj vs. 1/T
(Fig. 7) by using the following equation:
ASY  AHO
"R RT

The change of Gibbs free energy (AG%) was calculated from the
equation:

AG® = AH? — TAS° (12)

Ink, = (11)

where R (8.3145) mol~1 K-1) is the ideal gas constant, and T (K) is
the temperature in Kelvin. The thermodynamic data calculated by
Egs.(11)and (12) are listed in Table 1. The positive enthalpy change

1.2x107*

1.0x107 |

8.0x107° |-

68.0x10°°

q (mol/g)

4.0x10°°

2.0x107° |

00 C 1 1 1 1 1 [l
0.0 50x10°  1.0x10%  1.5x10*  2.0x10*  2.5x107
Coq (Mol/L)

Fig. 6. Sorption isotherms of Ni(Il) on Na-attapulgite at three different tempera-
tures. pH 6.0+ 0.1, I=0.01 M NaNO3, m/V=0.8 g/L.



192 Q. Fan et al. / Chemical Engineering Journal 150 (2009) 188-195

C,=5.11E-5mol/L
C,=7.67E-5mol/L
C, =1.02E-4mol/L
C,=1.28E-4mol/L

[]
8.0 o]
A
v
4 C,=1.70E-4mol/lL
o]
| 4
[

5F C,, =2.05E-4mol/L
C, =2.39E-4mol/L

— Cy =2.73E-4mol/L
(=]
J 701
=
o
i= * v

65 \,\
0 _‘W

3.0x10°

3.2x10° 3.3x10° 3.4x10° 3.5x10°

1T (K"

3.1x10°

Fig. 7. Effect of temperature on the distribution coefficient of Ni(Il) sorption on
Na-attapulgite at different initial concentrations. pH 6.0+0.1, I=0.01 M NaNO3,
m/V=0.8g/L.

(AH®) means that the holistic process of Ni(Il) removal from solu-
tion to Na-attapulgite is endothermic. One possible explanation
to this positive entropy is that Ni2* is solved well in water, and
the hydration sheath of Ni2* has to be destroyed before its adsorp-
tion to attapulgite. This dehydration process needs energy, and it
is favored at high temperature. This energy exceeds the exother-
micity of cations to attach to the solid surface. This assumption
indicated that the endothermicity of the desolvation process is
higher than the enthalpy of adsorption by a considerable extent.
The Gibbs free energy change (AGY) is negative as expected for
a spontaneous process under the conditions applied. The value of
AGY becomes more negative with the increase of temperature indi-
cates more efficient adsorption at higher temperature. At higher
temperature, cations are readily desolvated and hence its sorp-
tion becomes more favorable [19]. The positive values of entropy
change (AS?) reflects the affinity of attapulgite toward Ni(Il) ions
in aqueous solutions and may suggest some structure changes on
the adsorbents [29,44]. It is also interesting to note that the values
of AH9 and ASY decrease with increasing initial solution concen-
tration. It could be qualitatively explained by considering that the
sorption occurs initially in the most active available sites involving
high interaction energies. At low concentration of Ni(II), Ni(Il) is
mainly governed by interaction between the Ni(Il) and absorbent
surface, a plausible reason could be the differences in attractive
forces between Ni(Il) and sorption sites of attapulgite. It indicates
that a greater propensity for Ni(Il) sorption probably due to the
cooperative and non-cooperative ability of macromolecules result-
ing in higher binding energy at lower concentration level [45].
This indicates that the sorption percentage of Ni(Il) on attapulgite

Table 1
Thermodynamic parameter of Ni(II) sorption on Na-attapulgite.

Co (mol/L) AH° AS° AGP (kJ/mol)
(kJ/mol) J/(mol K)
291.15K 313.15K 333.15K

Cp=5.11E-05 15.53 111.29 —47.92 -50.37 —52.59
Co=7.67E-05 14.43 106.33 —45.37 —47.71 —49.83
Co=1.02E-04 9.99 88.98 —35.88 —37.84 —39.62
Co=1.28E-04 7.75 80.94 —31.30 —33.08 —34.70
Co=1.70E-04 6.28 73.25 —27.59 —29.21 —30.67
Co=2.05E-04 5.67 70.13 —26.08 —27.62 —29.02
Co=2.39E-04 5.42 68.70 -2541 —26.93 —28.30
Co=2.73E-04 4.94 65.59 —24.03 —25.47 —26.78
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Fig. 8. (A) Langmuir sorption isotherms of Ni(Il) on Na-attapulgite at different
temperatures. pH 6.0+0.1, [=0.01 M NaNOs;, m/V=0.8g/L. (B) Freundlich sorp-
tion isotherms of Ni(Il) on Na-attapulgite at different temperatures. pH 6.0 £0.1,
1=0.01 M NaNO3, m/V=0.8 g/L.

decreases at high solution concentration as compared to the rela-
tive values at low solution concentration, although the high Ni(Il)
concentration results in high adsorption.

The sorption isotherms of Ni(Il) at T=291.15,313.15 and 333.15K
are correlated by the Langmuir and Freundlich models, respectively,
and the results are shown in Fig. 8A and B. The form of Langmuir
isotherm can be represented by the following equation [46]:

meaxCeq
q= m (13)
Eq. (11) can be represented in linear form as:
Cq 1 Ceq (14)

= +
q bGmax = qmax

where Ceq is the equilibrium concentration of metal ions remained
in the solution (molL-1); q is the amount of metal ions adsorbed
on per weight unit of solid after equilibrium (mol g=1); gmax and b
are Langmuir constants related to sorption capacity and sorption
energy, respectively. gmax, the maximum sorption capacity, is the
amount of metal ions at complete monolayer coverage (molg-1!)
and b (Lmol~1) is a constant that relates to the heat of adsorption.

Freundlich isotherm model allows for several kinds of sorption
sites on the solid and represents properly the sorption data at low
and intermediate concentrations on heterogeneous surfaces [46].
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Table 2
Langmuir and Freundlich isotherm parameter.
Temperature (K) Langmuir Freundlich
Qmax (Mol/g) b (L/mol) R ke (mol'-"L"/g) n R

291.15 9.42 x 103 1.71 x 10* 0.986 0.0026 0.41 0.956
313.15 9.78 x 10> 2.27 x 10* 0.996 0.0011 0.31 0.972
333.15 1.05 x 104 3.42 x 104 0.997 0.0011 0.29 0.962
The model has the following form: lowest at T=291.15K, which indicates that the sorption is favored

. at high temperature. In the Freundlich model, the value of n is less
q=krCeq (15) than unity, which indicates that metal ions are favorably adsorbed

Eq. (13) can be expressed in linear form as: by attapulgite.

log q = log kr + nlog Ceq (16)  3.6. Sorption and desorption isotherms

where kr (moll="g=11") represents the sorption capacity when
metal ion equilibrium concentration equals to 1, and n represents
the degree of dependence of sorption with equilibrium concentra-
tion.

The related parameters are listed in Table 2. One can see that
Langmuir model fitted the experimental data better than Fre-
undlich model. However, Chang et al. [27] and Potgieter et al. [30]
reported that Ni(II) sorption onto Na-rectorite and palygorskite
could be described by Freundlich model well. The values of qmax
obtained from the Langmuir model are highest at T=333.15K and
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Fig. 9. Sorption and desorption isotherms of Ni(Il) on Na-attapulgite. pH 6.0 £0.1;
I=0.01 M NaNOs; T=20+2°C; m/V=0.8 g/L. (A) no HA; (B) Cyainitial) = 3.7 mg/L.

Sorption and desorption isotherms of Ni(Il) on Na-attapulgite
at pH 6.0+0.1 in the absence and presence of HA are shown in
Fig. 9A and B, respectively. One can see that no drastic difference in
the sorption and desorption isotherms, which indicates that the
sorption is nearly reversible. The reversible sorption-desorption
of Ni(Il) at pH 6.0 indicates that the sorption of Ni(Il) is mainly
dominated by outer-sphere complexation or ion exchange with
Na*/H* at the outer-sphere of Na-attapulgite. The results are con-
sistent with the results shown in Figs. 4 and 5. Outer-sphere
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Fig. 10. (A) Influence of pH and FA on Ni(ll) sorption on Na-attapulgite.
Cinigjinitial =8.52 x 107 mol/L, [=0.01M NaNOs;, T=18+2°C, m/V=0.8g/L.
(B) Influence of pH and HA on Ni(ll) sorption on Na-attapulgite.
Cini(yjinitial = 8-52 x 10~ mol/L, I=0.01 M NaNOs, T=18 +£2°C, m/V=0.8 /L.
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Fig. 11. 3D-plots of pH, C,q and g of Ni(II) sorption on Na-attapulgite in the pres-
ence and absence of FA. Ciniayjinitial = 8-52 X 10-5mol/L,I=0.01 MNaNOs,T=18 +2°C,
m/V=0.8g/L.

adsorption/ion exchange causes the reversible process of Ni(Il)
sorption-desorption on Na-attapulgite [10,27].

3.7. Influence of humic substances

Sorption of Ni(II) on Na-attapulgite in the presence of FA as a
function of pH are shown in Fig. 10A. No drastic effect of FA on Ni(Il)
uptake to FA-attapulgite hybrids at pH<7 is observed. At pH>7,
the presence of FA decreases the sorption of Ni(Il) to FA-attapulgite
hybrids. At low pH values, FA generally presents as spherical shapes
in solution or adsorbed on solid particles. The spherical structure
makes most of the functional groups not available to form com-
plexes with metal ions [47]. The presence of FA does not affect Ni(II)
uptake to attapulgite drastically. With increasing pH values, the
negatively charged FA is difficult to be adsorbed on the negatively
charged surface of attapulgite. The competition among the soluble
FA and attapulgite with Ni(Il) ions thereby increases and results the
reduction of Ni(II) uptake to attapulgite. With increasing FA con-
centration, the fraction of FA remained in solution increases and
the soluble complexes FA-Ni reasonably decreases Ni(Il) sorption.

Effect of HA on Ni(Il) sorption as a function of pH is shown in
Fig. 10B. It can be seen that the presence of HA reduces the sorption
of Ni(II) to HA-attapulgite hybrids at the whole pH values of our
investigation. Comparing to the influence of FA on Ni(Il) sorption,
the influence of HA is stronger than FA at same pH values under the
same FA/HA concentrations. It is necessary to note that the samples
of FA and HA were extracted from the same soil sample, and had
similar function groups such as carboxylic and phenolic groups. The
influence of FA and HA on Ni(Il) sorption to attapulgite should be
very similar. It may be drawn that the presence of FA/HA decreases
Ni(II) sorption to FA/HA-attapulgite hybrids at pH > 7, the influence
of FA/HA on Ni(Il) sorption at pH <7 is weaker rather than that of
FA/HA at pH>7. The complicated structures of FA, HA and atta-
pulgite make it difficult to get an unambiguous and exact conclusion
of FA/HA influence on Ni(II) sorption to attapulgite. Nevertheless,
humic substances presents in environment ubiquitously as a kind of
natural organic compounds and its influence on metal ions behavior
can not be neglected. The influence of humic substances on metal
ions’ sorption to clay minerals is essential to control the mobility
and bioavailability of metal ions.

To illustrate the variation and relationship of pH, Ceq, and g,
experimental data (in Fig. 10A) are plotted again as 3D plots of q, Ceq,
and pH (Fig. 11). On the pH-q plane, the lines are very similar to that

of pH-sorption % (in Fig. 10A); On the pH-Ceq plane, the concentra-
tion of Ni(II) remained in solution decreases with increasing pH; On
the Ceq—q plane, the projection is a straight line containing all sorp-
tion data, which is quite same as shown in Fig. 4. The slope and the
intercept calculated from Ceq—q line are (~1.25+6 x 10~7) L/g and
(1.065 x 10~ + 3 x 10~'1) mol/g, which are quite same as those cal-
culated in Fig. 4. The projection on the pH-Ceq plane is the inverted
image of the projection on the pH-q plane. Thus, the complexity of
the sorption edge relative to sorption isotherm is demonstrated.

4. Conclusions

From the results derived from the experiments, the following
conclusions may de drawn:

1. Sorption of Ni(II) on attapulgite is strongly influenced by pH val-
ues.

2. Sorption of Ni(Il) on attapulgite is dependent on ionic strength
at pH <38, and independent of ionic strength at pH > 8.

3. At same initial concentrations, the relationship of Ni(Il) con-
centration adsorbed on solid phase and Ni(Il) concentration
remained in solution can be described by a straight line with
slope (—V/m) and intercept (Cy(V/m)), which are independent of
other experimental parameters.

4. Outer-sphere complexation or ion exchange may be the main
sorption mechanism of Ni(Il) on attapulgite at pH <8, where as
inner-sphere complexation is the main sorption mechanism at
pH>8.

5. Sorption of Ni(Il) is favored with increasing temperature. The
uptake reactions of Ni(Il) to attapulgite is a spontaneous process,
and the reaction is endothermic.

6. The presence of humic substances does not enhance the removal
of Ni(II) to attapulgite. Especially at pH > 7, the presence of humic
substances decreases Ni(Il) sorption obviously, and the influence
of humic substances on Ni(Il) sorption to HS-attapulgite hybrids
becomes stronger with increasing humic substances concentra-
tion.

7. The results indicate that sorption of Ni(II) on attapulgite is com-
plicated. It cannot be described by simple sorption models. The
physicochemical behavior of Ni(II) is dominated by the nature of
attapulgite, nature of humic substances, nature of solution (i.e.,
pH, ionic strength, temperature etc.), nature of metal ion etc.
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