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Cadmium is a toxic heavy metal that has caused serious public health problems. It is necessary to find
a cost effective method to deal with wastewater containing Cd(II). Loess soils in China have proven to
be a potential adsorbent for Cd(II) removal from wastewater. The adsorption capacity of loess towards
Cd(II) has been determined to be about 9.37 mgg~!. Slurry concentration, initial solution pH, reaction
time and temperature have also been found to significantly influence the efficiency of Cd(Il) removal.
The adsorption isotherms and kinetics of loess soil from China can be best-fit with the Langmuir model

ﬁ?; ‘;Vf;siso:n and pseudo-second order kinetics model, respectively. The thermodynamic analysis revealed that the
Loess adsorption process was spontaneous, endothermic and the system disorder increased with duration. The
Cadmium natural organic matter in loess soil is mainly responsible for Cd(Il) removal at pH < 4.2, while clay minerals
Isotherm contribute to a further gradual adsorption process. Chemical precipitation dominates the adsorption stage
Kinetics at pH > 8.97. Further studies using X-ray diffraction, Fourier transform infrared spectra of Cd(II) laden loess

Thermodynamics

soil and Cd(II) species distribution have confirmed the adsorption mechanism.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal contamination has aroused considerable public
concern with respect to potential damage to human health and
ecosystems. Cd is a non-essential and highly toxic heavy metal
element which can be released into the environment by a series
of different ways. Metallurgical alloying, ceramics, metal plating,
photograph development, pigment works, textile printing indus-
tries, lead-zinc mining and alkaline batteries and electroplating are
major sources of cadmium contamination [1,2]. Cadmium is more
easily absorbed by crops than other heavy metals and can enter
the human body through the food chain with deleterious effects
[3]. Cadmium poisoning can happen when concentrations reach a
specific value. Cadmium can bring a number of acute and chronic
disorders that result in pathological symptoms and severe dam-
age to kidneys, lungs, and the liver [4]. There have been cadmium
pollution cases occurring in the Beijiang River region of Guang-
dong province due to excessive discharge from a smelting plant,
and along the Xiangjiang river, Hunan province, cadmium pollution
due to improper treatment of the effluent has adversely impacted
human life. Greater attention needs to be paid to the problem of
cadmium contamination.

Many techniques have been developed to remove heavy metals
from wastewater. These techniques involve chemical precipitation,
ion exchange, filtration, membrane separation, solvent extraction,
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electroflatation and adsorption [5,6]. Adsorption is one of the
methods that is feasible for removing heavy metals from wastew-
ater and water supplies. Adsorption has been found to be both
efficient and cost effective in that the process does not involve
the production of sludge which will add to the cost of recov-
ery of the metal ions [7,8]. Activated carbon is the most widely
used sorbent because of its high specific surface area and con-
venient regeneration from spent carbon [9-13], however, its high
cost necessitates seeking for inexpensive and effective sorbents as
potential replacement. In recent years, numerous materials have
been studied to ascertain their adsorption capacity for Cd(II), such
as goethite [14,15], montmorillonite [16], sludge-soil [17], zeolite
[18-20], bentonite [19], calcite [21,22], and phosphate rock [23].
Several typical soils also have been reported to remove Cd(II)
and other heavy metals [24-27]. Loess soil is widely distributed
throughout northwestern China, Middle Asia, Russia, the Middle
East and North America. Loess soil is rather abundant in China,
covering an area of approximate 640,000 kmZ2. Removal of Cu(II)
and Zn(Il) from aqueous solutions has recently been reported
and loess soil shows a high affinity for heavy metals [28,29].
However, the adsorption capacity of loess towards Cd(II) remains
unknown.

This study is aimed at investigating the adsorption mechanism
of Cd(II) on loess soil. Factors affecting efficient removal of cadmium
are slurry concentration, pH value, reaction time, and reaction tem-
perature. The interaction mechanism between Cd(Il) and loess was
studied with the aid of X-ray diffraction (XRD) and Fourier trans-
form infrared (FT-IR) spectral analysis of both the original loess soil
and the Cd(II) loaded loess.
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2. Materials and methods
2.1. Preparation of adsorbent and adsorbate

The adsorbent utilized in this study, Chinese loess, was sampled
from the suburban area of Xi'an, China. The soil sample was taken
from 5 m below ground surface in the unsaturated soil zone. It has
been reported that the soil is typical Quaternary loess located on
the Chinese Loess Plateau [30]. The soil was oven-dried at 105 °C for
24 h to remove bulk water, cooled to room temperature, and then
sealed in plastic bags for storage.

Flasks (1L) were immersed in 1molL-! HCI solution for 24h
and then rinsed with deionized water (DW) three times. DW was
bubbled with N, to eliminate dissolved CO,. Cd(II) stock solution
(1gL-1) was prepared by dissolving cadmium nitrate (analytical
reagent grade) into deionized water.

2.2. Characterization of adsorbent

The organic matter was determined by burning at 650 °C for 8 h
in an oven in the presence of O, gas. The weight loss was assigned
to the organic content. The surface area of the sorbent was deter-
mined by N, adsorption method using Autosorb 1-MP apparatus
(Quantachrome Corporation, USA), and the results were analyzed
by Brunauer-Emmett-Teller (BET) adsorption theory.

To determine the cation exchange capacity (CEC), 20 g dried soil
sample was saturated with 1.0 M ammonium acetate for 30 min,
washed with ethanol several times at first, and then saturated with
1.0 M KCl solution to exchange the adsorbed ammonium ions. The
obtained slurry was centrifuged and the NH4* concentration of the
supernatant was determined using GDYS 101SA (China) by col-
orimetric analysis based on the character of selective absorption
towards visible light of colored complex (i.e., the reaction product
of NH** with chromogenic agent). The relevant CEC was equal to
the amount of exchangeable ammonium per 100 g soil.

The natural pH (pHpa) of loess soil was determined by mixing
20¢g loess soil with 50 mL DW, and the pHy;. of loess was deter-
mined by acid-alkaline titration of the sorbent. The solution pH
was measured with a glass electrode potentiometer (Shanghai Pre-
cision & Scientific Instrument Co., Shanghai, China). The chemical
constituents, mineral components and surface functional groups of
loess samples were tested by ICP-MS (ICP-MS PQ3, Thermo Electron
Corp. USA), XRD (D/MAX-RA, Rigaku Corp., Japan, equipped with a
CuK tube and Ni filter) and FT-IR (Nexus-670, Nicolet, USA), respec-
tively. The Cd(II) loaded loess soil samples were prepared following
the procedure: three sets of batch tests were carried out separately
by equilibrating solutions (40 mL) including loess soil (0.4 g) and
cadmium ions (25, 50 and 100 mgL~1) in a thermostat at 25 °C for
24 h and the supernatant was poured out when the equilibrium
solutions were centrifuged. While, the bottom sludge was oven-
dried at 100°C and then was send to the Analytical and Testing
Center of Zhejiang University for XRD and FT-IR test.

2.3. Experimental methods

2.3.1. Effect of slurry concentration

Batch tests were conducted to investigate the adsorption behav-
ior of Cd(II). Four different slurry concentrations (i.e., 2, 10, 20, and
40gL-1) were studied in order to determine appropriate adsor-
bent dosages. The initial Cd(Il) concentration was set at 100 mgL~!
and the solution pH was not adjusted. The sample flasks were then
put into a temperature controlled shaking box which was rotated
at 160rpm. The reaction temperature was maintained constant
at 25 +£0.2°C and the reaction duration was 24 h. Afterwards, the
slurry was centrifuged at a speed of 3000 rpm for 5 min to obtain
the supernatant. The atomic absorption spectroscopy (AAS) was

then used to determine the equilibrium Cd(II) concentration. The
Cd(II) removal efficiency, R was calculated by dividing the difference
between the initial concentration, Cp and the equilibrium Cd(II)
concentration, C. by the initial concentration (i.e., units of mgL-1:
R (%)=[(Co — Ce)/Co] x 100). Blank tests were conducted to evaluate
the adsorption of Cd(II) on the inner surface of the flasks and two
groups of parallel tests were performed to obtain an average value
for equipment adsorption.

2.3.2. Effect of pH

The same amount of sorbent (i.e., 0.500+0.002 g) and Cd(II)
solution (100 mgL~!, 50 mL) were put into several pretreated coni-
cal flasks. The initial pH values, pHq of the solutions were adjusted
from 2.3 to 12 by adding 0.1 M HCI or NaOH solution. The sample
flasks were then placed into a controlled temperature shaking box
and rotated at 160 rpm for 24 h. The temperature was controlled
at 25°C throughout the duration. The pH of solutions was mea-
sured at the end of the test using a glass electrode potentiometer.
The solutions were transferred into PVC tubes for centrifugation at
3000 rpm for 5 min. The supernatants were sampled to determine
the Cd(II) concentration by atomic absorption spectroscopy.

2.3.3. Adsorption kinetics

The adsorbent dosage was selected to be 10gL-! and the initial
solute concentrations were 50 and 100 mg L~!. The solution pH was
not adjusted and the reaction temperature was maintained at 25 °C.
The equilibration times were set increasing from 30 to 1680 min.
Specific samples were taken out of the controlled temperature
environment at intervals. The samples were then centrifuged at
3000 rpm for 5 min. The concentration of cadmium in supernatant
liquids was detected using an atomic absorption spectrophotome-
ter (AAS) at various times.

In order to investigate the rate law describing Cd(II) adsorption
by loess soil, the kinetic data were analyzed using three kinetic
equations, i.e., the pseudo-first order kinetics, the pseudo-second
order kinetics and the intraparticle diffusion model.

The pseudo-first order kinetic equation is from [31]:

e = ge(1 — e7ht) (1)

The above equation can be linearized as

log(de — 41) = I0gde — 3t 2)
where g. and g, are the amount of solute adsorbed on per unit adsor-
bent at the equilibrium and elapsed time, t respectively (mgg-1)
and k; is the pseudo-first order rate constant for the adsorption
process (min—1).

The pseudo-second order kinetic equation is from [31]:

f_ 11
qe 7’(2(]% qe

(3)

where k; is the pseudo-second order rate constant (gmg~! min—1).
The equation for the intraparticle diffusion model is from [32]:

G = kinet /2 + C (4)

where ki is the relevant rate constant (mgg~! min—1/2) and C is
the intercept.

2.3.4. Adsorption isotherms at different temperatures

Batch tests were carried out to study the Cd(Il) adsorption. Five
sets of adsorption tests were conducted at five temperatures (i.e., 5,
15, 25, 35 and 45 °C). The slurry concentration was fixed as 10gL~!
and the initial solute concentration ranged from 25 to 150 mgL~1.
All samples were equilibrated for 24 h in the controlled tempera-
ture shaking box and the equilibrium Cd(II) concentrations were
measured by AAS to calculate the Cd(Il) adsorption amount on the
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sorbent. Control tests and parallel tests were conducted and the
results were averaged.

The adsorption isotherms were simulated by the mathemati-
cal equations of Langmuir, Freundlich and Dubinin-Radushkevich
(D-R). The Langmuir isotherm model assumes that homogeneous
monolayer surface adsorption occurs and can be written as [31]

Ce 1 Ce

ge ~ bQ * Q (5)
where g, is the mass ratio of the adsorbed solute on the adsorbent
(mgg~1), C. the equilibrium solute concentration (mgL-1), Q the
maximum adsorption capacity of the adsorbent (mgg='), and b the
Langmuir constant (Lmg~1).

The Freundlich isotherm model assumes a heterogeneous and
patch-wise surface that is independent from one another. The equa-
tion can be written as [31]

e = KeCe'/™ (6)

where K is the Freundlich constant (mg g~1) indicating the adsorp-
tion capacity and strength of the adsorptive bond and n is the
heterogeneity factor.

The D-R (Dubinin-Radushkevich) isotherm model assumes a
uniform pore-filling adsorption and can predict the free adsorption
energy change. The D-R model can be written as [31]

Inge = Ingy, — ke? (7)

where gy, is the maximum adsorption capacity (molg=!), k a model
constant related to the free adsorption energy and ¢ the Polanyi
potential, which is written as

£=RTIn <1+l) (8)
Ce
where the unit of C. should be translated into mol L.
The mean free energy of adsorption E is
1
E=—-——— 9
2k )
The adsorption is basically ascribed to surface adsorption by
means of ion exchange when |E| is between 8.0 and 16.0 k] mol~!,
while, the mechanism is physical adsorption for |E| ranging from
1.0 to 8.0k] mol—1.

3. Results and discussion
3.1. Characterization of sorbent

The basic elemental constituents of the sorbent are listed in
Table 1. The content of silicate and aluminum oxide was 63.68%
and 12.77% of the total weight respectively, corresponding to clay
minerals such as illite and kaolinite which was confirmed by the
XRD spectrum of loess soil [33]. Calcium was the third most abun-
dant element (9.56% in oxide form). The organic matter in loess
was determined as 5.5mgg~!. The zero point of surface charge
was observed at pH 2.82, indicating the negative surface charge
of Chinese loess. The surface area and CEC were determined as
241m2 g ! and 11.2 cmol (+) kg1 respectively.

3.2. Effect of slurry concentration

Fig. 1 shows the effect of slurry concentrations on Cd(Il) removal
from aqueous solutions that were mixed with loess. The percent-
age Cd(II) removal increased linearly from 59.03% to 98.03% when
the dosage of loess increased from 2 to 40gL~1. More Cd(II) was
eliminated from larger dosages of loess. The results showed that
Cd(II) could be thoroughly removed when the slurry concentra-
tion reached 40gL-1. However, the unit adsorption amount of

Table 1
Constituents and basic parameters of loess in China.

Constituent Mass percentage (%)

SiO, 63.68

Al;03 12.77

Ca0o 9.56

MgO 3.14

K;0 3.01

F6203 2.74

Na, O 2.35

FeO 0.89

TiO, 0.78

MnO 0.09

Parameter Value
Organic (mgg') 55
Specific density 2.75
Specific surface area (m?g-1) 24.1
CEC (cmol (+)kg1) 1.2
PHna 8.16
PHpzc 2.82

Cd(Il) on loess decreased as the slurry concentration increased.
This phenomenon has been previously reported and ascribed to
the interaction between colloidal particles in the soil [34].

3.3. Effect of pH

Fig. 2 shows the effect of pHgy on the adsorption of Cd(II) on
loess. The initial pH of the solution has a significant influence on
the amount of Cd(Il) equilibrium adsorption. The cadmium ions
in the aqueous solution were gradually removed by increasing the
initial pH of the solution. The removal of Cd(Il) is less than 50%
at a pH<4.2 and changes little when pH is <4.2. Further increase
of pHy leads to a continual increase of Cd(Il) removal efficiency.
The removal percentage of Cd(Il) shows a rapid increase from 71.2%
to 97.4% when the pHy increases from 9.0 to 10.0. The significant
increase in Cd(II) removal efficiency indicates the possibility of pre-
cipitation. The curve then plateaus at 98.9% Cd(II) removal with
continuously increasing pHg. Thus, cadmium ions in aqueous solu-
tions can be nearly completely removed when the initial pH values
are over 10.0. In other words, effective removal of Cd(II) requires a
high alkaline environment.

Fig. 2 shows that equilibrium pH values lie above the diagonal
line at pHg < 7.5, below the diagonal at 7.5 < pHg < 10.0 and approxi-
mately on the diagonal when pHg > 10.0. The high buffering effect of
loess is related to the abundance of calcite and the pHe values could
be higher than the corresponding pHy values in an acidic solution.

354 4100
4 A A e !
204 = — removal
] 190
25 4
— 1 [ ] (=]
‘@ 204 180 i(;
(o)) ]
E sl 5
& | T 470 %
10 A
A
] 460
5 A
4 |
D B T J T T E T ¥ T 5 T T 50

0 5 10 15 20 25 30 35 40
dosage g L

Fig. 1. Effects of slurry concentrations on Cd(II) removal percentage.
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Fig. 2. Variation of Cd(II) removal percentage with varied initial pHs.

While under very strong alkaline conditions, the equilibrium pHe
had no change when compared with the initial pH value.

3.4. Isothermal adsorption kinetics

Fig. 3 shows the variation of q; of Cd(II) on loess with reaction
time. The adsorption amount of Cd(II) on loess reaches a relatively
high value within a fairly short time period (i.e., less than 1h)
and then slowly increases until it reaches a plateau after 1440 min.
The unit adsorption amount appears to be higher when the ini-
tial solute concentration is larger during reaction. The test data
were further analyzed using three kinetic models (i.e., pseudo-first
order kinetics, pseudo-second order kinetics and intraparticle dif-
fusion model). The predicted parameters are shown in Table 2. The
pseudo-second order kinetics best-fit the test data with the high-
est correlation coefficients. There was a slight decrease in the rate
constant k, from 3.81 x 1073 to 3.66 x 10~3 gmg~! min—! when
increasing the initial Cd(I) concentration from 50 to 100 mgL-!.
This implies that the solution with smaller solute concentration is
likely to reach equilibrium in a shorter time period.

The test data fit with the intraparticle diffusion model showed
a correlation coefficients higher than 0.942. This indicated that
the adsorption of Cd(Il) is dominated by gradual internal diffu-
sion inside the micro pores. This phenomenon has been previously
observed for Cu(Il) and Zn(II) adsorption on loess [28,29].
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Table 2
Predicted kinetic constants for Cd(II) adsorption on loess.
Co (mgL™)
50 100
Pseudo-first order kinetics
ge (mgg™") 5.57 6.75
ki (x10~3 min~1) 44,59 55.70
R 0.970 0.966
Pseudo-second order kinetics
ge (mgg™") 6.21 7.56
ky (x10-3 gmg ! min—1) 3.81 3.66
R 0.998 0.999
Intraparticle diffusion model
ki (mgg~! min—'/2) 0.048 0.054
c 4.31 543
R 0.942 0.977
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Fig. 4. Isotherms of Cd(II) adsorption on loess.

3.5. Adsorption isotherms and effect of temperature

Fig. 4 shows adsorption isotherms of Cd(II) on loess at different
temperatures. The unit adsorption of Cd(II) on loess shows a gradual
ascending trend and eventually achieved a maximum adsorption
amount with an increase equilibrium solute concentration. Three
general isothermal adsorption models including the Langmuir, Fre-
undlich, and Dubinin-Radushkevich (D-R) models were used to
evaluate the test data and to interpret the possible adsorption
mechanism. The predicted isothermal constants for Cd(II) adsorp-
tion on loess are listed in Table 3. The Langmuir model was found
to show the best-fit to the test data based on calculated correla-

q,mg g
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Fig. 3. Test data of adsorption kinetics.
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Table 3
Predicted isothermal constants for Cd(II) adsorption on loess.
278K 288K 298K 308K 318K
Langmuir model
Q(mgg) 6.68 7.03 8.17 8.90 9.37
b(Lmg1) 0.913 —3.032 1.073 0.922 1.668
R 0.999 0.997 0.999 0.999 0.999
Freundlich model
Kr (mgg') 3.80 4.02 4.05 4.26 4.87
n 6.900 5.937 5.067 4.747 4.951
R 0.695 0.759 0.772 0.865 0.927
D-R model
qm (mgg1) 11.17 13.93 17.22 19.27 19.32
k (mol? k]—2) 0.0016 0.0017 0.0018 0.0018 0.0015
E (kJ mol-1) —17.85 —16.30 —16.57 —16.90 —18.57
R 0.724 0.796 0.803 0.898 0.955
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Fig. 5. Linear fit of thermodynamics for Cd(II) adsorption on loess.

tion coefficients. The correlation coefficients for linear curves with
both the Freundlich isotherm and the D-R models became larger
and came closer to 1.00 when temperatures increased from 278 to
318 K. This implies that the Freundlich and D-R models are more
appropriate under relatively high temperature conditions.

Based on the analysis with the Langmuir isotherm model, the
maximum Cd(II) adsorption capacities of loess were estimated to be
6.68,7.03, 8.17,8.90 and 9.37 mgg~! at temperatures ranging from
278, 288, 298, 308 and 318K, respectively. The increasing temper-
ature contributes to improved adsorption capacity. The adsorption
capacities estimated by the D-R isotherm were 11.17, 13. 93, 17.22,
19.27 and 19.32 mg g~ ! at temperatures ranging from 278, 288, 298,
308 and 318K, respectively. These values are considerably higher
than those obtained with the Langmuir model. This phenomenon
may be due to the inherent assumption in the D-R model that all
micro/macropores are filled with solute. However, this ideal state
is difficult to realize in practice. The absolute values of estimated
free adsorption energy were basically a little more than 16 k] mol-1,
implying a chemisorption type that the chemical bond between
loess and Cd(II) plays an important role.

3.6. Thermodynamics

The thermodynamic behavior of Cd(II) adsorption on loess was
evaluated using the following equations:

AG® = —RT InK, (10)
AG? = AH? — TASO (11)

where K¢ is the distribution coefficient of the solute between the
adsorbent and the solution in equilibrium (q./Ce), R the ideal gas
constant, T the temperature (K), AH? the change of enthalpy, AS?
the change of entropy and AGP is the change of Gibbs’ free energy.
Egs. (10) and (11) can be written in a linearized form between K.
and 1/T as
AS?  AHO

In(K;) = < "R (12)

The change of enthalpy (AH®) and entropy (AS®) were deter-
mined from the slope and intercept of the linearized curves as
shown in Fig. 5 fitted with Eq. (12). The initial solute concentration
had a great effect on the thermodynamic parameters as can be seen
from Table 4. The calculated change of Gibbs’ free energy decreased
along with an increasing reaction temperature at a fixed initial
solute concentration. Moreover, the change of Gibbs’ free energy
was negative at initial solute concentrations ranging from 25 to
150 mgL-!, indicating that the adsorption process was spontaneous

Table 4
Thermodynamics parameters for Cd(II) adsorption on loess.
Co (mgL-1) T (K) AG AH AS R
(kJmol-1) (kJmol-1) (Jmol-1K-1)
278 —11.69
288 -13.18
25 298 —13.33 35.34 167.45 0.892
308 —15.50
318 -19.11
278 —11.87
288 —12.46
50 298 -12.78 10.04 78.00 0.818
308 —13.65
318 -15.26
278 —-5.95
288 -7.34
100 298 -7.90 19.97 93.70 0.970
308 —-8.55
318 -10.04
278 -4.71
288 -5.05
150 298 —5.90 12.96 63.18 0.986
308 —6.58
318 -7.11

in the range of temperature from 278K to 318 K. With increas-
ing initial Cd(Il) concentration, the change of Gibbs’ free energy
for Cd(Il) adsorption on loess decreased under constant temper-
ature conditions. The change of enthalpy was 35.34, 10.04, 19.97,
and 12.96kJmol~! and the change of entropy was 167.45, 78.00,
93.70 and 63.18]J mol~! K-! when the initial Cd(II) concentration
increased from 25 to 50, 100 and 150 mg L~! respectively, implying
an endothermic character to the adsorption process and increasing
disorder in the system.

3.7. Discussion of the mechanisms involved

Fig. 6(a) shows the XRD spectra of original loess and Cd(II) loaded
loess with different initial solute concentration, i.e., 25, 50 and
100mgL-! and (b) shows the partial enlarged detail. The main
minerals in loess are quartz, calcite, albite, goethite and kaolinite
as determined from the characteristic bands on the XRD spectra.
New patterns were observed at 20=27.40°, 27.47°, 27.70°, 28.12°
and 30.46° compared with original loess sample, however, the pat-
terns at 20 =24.84° and 34.36° disappeared when the loess was
loaded with Cd(II). The patterns at 20 =27.40° can be attributed to
CdSiOs3, and at 260=28.12° the patterns can be attributed to either
CdSiO3 or CdAl,(SiOy4); according to the MDI Jade software. Cad-
mium ions could react with aluminum silicate minerals in loess soil
to formCdSiOs. The formation of CdAl,;(SiO4), can be attributable
to surface complexes between Cd(Il) and the kaolinite mineral. The
reaction equations can be written as

=SOH + Cd*t - =Socd* +H* (13)

where S denotes the clay mineral constituents in the soil.

Yee [35] studied the adsorption characteristics of quartz with
respect to Cd(IlI) and thought that weak protonation and depro-
tonation reactions of the silanol group occurred on the surface of
quartz. Then cadmium ions can be absorbed in the form of surface
complex adsorption:

SiOH + Cd** — SioCd* +H* (14)

The reaction was weak and the stability constant for this equa-
tion was 10699, According to the pH-edge curves by Yee [35], Cd(II)
whose initial concentration was 0.089 mgL~! was absorbed on the
surface of quartz when pH> 7.0, and the removal percentage was
only 10% at a pH =8.0. This phenomenon is not sufficient to explain
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Fig. 6. X-ray diffraction (XRD) spectra of loess and Cd(II) loaded loess. (a) Loess, (b)
Co=25mgL",(c)Co=50mgL-1,and (d) Co=100mgL-".

the test results in this paper. Thus, it could be rationalized that
aluminum silicate minerals reacted with Cd(II) to form CdSiOs.

Fig. 7 shows the FT-IR spectra of loess and Cd(Il) loaded
loess with different initial solute concentration, i.e., 25, 50 and
100 mgL~1. The IR spectrophotometer covered the range from 4000
to 400cm!. The change of surface functional groups after being
loaded with Cd(II) could be seen from the FT-IR spectra.

The absorption bands at 3620 and 1032 cm~! are characteris-
tic of hydroxyl group and Si-O group respectively which can be
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Fig. 7. FT-IR spectra of loess and Cd(Il) loaded loess. (a): Co=25mgL-!, (b)
Co=50mgL", (c) Co=100mgL-1, and (d) loess.
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Fig. 8. Species distribution of Cd(Il) in the presence of calcite (conditions include:
1.0atm; 25°C; 100mgL~" Cd(NO3),; 0.02 mol L~ calcite).

assigned to clay minerals in loess [36,37]. These bands had no obvi-
ous differences indicating that these sites have no contribution to
adsorption of Cd(II) on loess.

The broad bands at 3433-3442 and bands at 1630-1637 cm™!
are assigned to the stretching vibration and bending stretching of
sorbed water. There was no change in the intensities of such bands.
Although measures were taken to keep samples dried during the
experiment, perhaps some potassium bromide still hydrolyzed in
air to bring some water in these species.

The weak absorption bands at 2929 and 2854 cm~! are related
to CH stretching vibration [38]. These bands existed in loess and all
Cd(Il) loaded loess species, indicating that this functional group has
no positive effect on adsorption of Cd(II) on loess.

The absorption bands at 2515, 1797, 1436, 873 and 713cm™!
were related to calcite, and the absorption bands at 796, 777, 694,
524 and 472 cm~! were related to quartz. Both calcite and quartz
were inherent material in loess and have little effect on Cd(II)
adsorption.

The weak absorption bands at 2372 and 2346 cm~! existing in
loess disappeared at Cy =25 and 50 mg L~! and then appeared again
at Co=100mgL~'. These bands correspond to atmospheric carbon
dioxide. Some CO, might be dissolved into water and then absorbed
into the micropores of loess causing interference.

The absorption bands at 1596 and 1352cm~! appeared in
loess but disappeared in Cd(II) loaded loess. These bands can be
regarded as bending vibrations of the carboxyl group [39] which
are originally contained in loess in the form of organic matter. The
interaction between Cd(Il) and the carboxyl group could be

—COOH + Cd?t — -coocd* +Ht (15)

In addition, as can be seen in Fig. 2, the initial solution pH value
has a strong relationship to the uptake of Cd(II) on loess. At pH val-
ues close to zero charge (pHp,c =2.82), loess exhibited a low affinity
for Cd(II). This phenomenon was previously reported [40]. It has
been reported that the carboxyl functional groups of organic matter
in loess soil played a significant role in the uptake of Cd(II) and the
sorption at lower pH depended mainly on the protonation or depro-
tonation of these carboxyl groups [41], which is also in agreement
with Eq. (15).

The patterns of CdCO3 were not found in XRD spectra indicating
that Cd(II) adsorption has little to do with calcite. This is different
from Cu(Il) and Pb(Il) adsorption on loess. The Visual MINTEQ was
used to analyze the species distribution of Cd(II) in the presence of
calcite and Cd(II), and the results are shown in Fig. 8. Cd(II) com-
bined with HCO3~ to form CdHCO3~ when the 5.0<pH<9.0, and
Cd(II) started to combine with CO32~ to generate precipitation at
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Table 5

Adsorption capacities of Cd(II) on different adsorbents.

Adsorbents Cd(II) adsorption capacity (mgg~') References
Eskisehir Esentepe soil 5.72 [43]

Kaolin 1.46 [44]
Hyper-Rhodic Ferralsol 2.05 [26]
Na-bentonite 28.34 [19]

Chinese loess 9.33 Present study

pH=6.5-7.0. 17.6% of Cd(II) was precipitated in the form of CdCO3
at a pH=9.5. Cd(II) also combined with OH~ to form CdOH* when
the pH>8.5. The amount of CAOH* reached a peak at a pH=10.25,
and then gradually decreased until it disappeared at a pH=12.0.
Cd(Il) was precipitated in the form of cadmium hydroxide when
the pH> 9.5 and Cd(II) precipitation was as high as 91.46%.

The pH of a loess—Cd(Il) solution mixture was less than 7.0
without any pH adjustment. According to the species distribution
calculations, it is hard to form cadmium carbonate under such con-
ditions as confirmed by the XRD spectra analysis.

Apart from the effect of calcite, the mineral components respon-
sible for Cd(II) adsorption is clear: quartz, kaolinite, goethite, etc.
The adsorption of Cd(II) on goethite could be written as [35]

FeOOH + Cd?t — FeOOCd* +H™ (16)

The stability constant of the above equation is 10947, which
could be effective to adsorb Cd(II) from solution to the solid phase.

The effect of pH on Cd(II) adsorption on loess can be divided into
three stages. The Cd(II) removal efficiency remained as 45.6-47.2%
when the pHp<4.2 and gradually increased to 71.2% as pHg
increased to 8.97. At the third stage, the Cd(II) removal efficiency
increased rapidly until Cd(II) was nearly completely adsorbed with
increasing pHp.

The stable adsorption efficiency at pH<4.2 implies that some
constituents in loess have a strong affinity for Cd(II) and are not
affected by the solution pH. These constituents could have high
stability and strong surface activity such as natural organic matter
in loess. The further gradual adsorption process bears a relation-
ship to the clay minerals (e.g., kaolinite). Angove et al. [42] found
that the adsorption of Cd(II) by kaolinite occurred at a pH > 4.0. This
observation was confirmed by the adsorption results in the present
study. In addition, under such acidic condition at pH near pHpzc,
Cd(Il) can be immobilized on the loess soil surface to form outer
sphere complexes by exchanging background electrolyte cations
with cadmium ions or bonding to permanent-charge sites, and the
adsorption process can be expressed as

2(=SOK) + Cd*t — =S0CdOS= + 2K* (17)
and
2(=S07) + Cd?t - =S0CdOS= (18)

With an increase of solution pH, the raise of the negative variable
charges on loess surface can lead to the increase of Cd(Il) adsorption.
Cd(II) started to form precipitate at higher initial pH values (i.e.,
pH>8.97), suggesting that this adsorption stage was mainly caused
by chemical precipitation.

The Cd(Il) adsorption capacities of several reported specific
soil adsorbents are listed in Table 5. The Cd(II) adsorption
capacities of kaolin, Hyper-Rhodic Ferralsol, Eskisehir Esentepe
soil and Na-bentonite were 1.46, 2.05, 5.72 and 28.34mgg™!,
respectively. Chinese loess got a higher capacity than kaolin,
Hyper-Rhodic Ferralsol and Eskisehir Esentepe soil by contrast,
however, Na-bentonite had the highest Cd(II) adsorption capacity.
The Na-bentonite was a clay mineral in which Na replaced Ca in
montmorillonite clay. The clays carried a net negative charge due to
the broken bonds around the edges of the silica-alumina units that

would give rise to unsatisfied charges, thus, the adsorption capacity
of Na-bentonite was largely improved. Taking into account of the
economic cost, the wide distribution of Chinese loess makes it an
alternative adsorbent for Cd(II) removal from wastewater.

4. Conclusions

(1) Chinese loess is effective for Cd(Il) removal from aqueous solu-
tions with the adsorption capacity as 9.37mgg~! determined
by Langmuir model. The adsorption was surface heterogeneous
analyzed by Freudlich equation, and was a chemisorption mode
suggested by D-R model.

(2) Kinetic studies showed that the Cd(Il) adsorption followed
pseudo-second order kinetics, and the process was mainly grad-
ual internal diffusion.

(3) The factors including slurry concentration, initial solution pH,
initial solute concentration and temperature were found to have
great effects on the adsorption capacity of loess.

(4) The thermodynamic study showed that the adsorption process
was spontaneous and endothermic and the system disorder
increased in the duration.

(5) The natural organic matter is mainly responsible for Cd(II)
removal at pH<4.2, clay minerals contributing to the further
gradual adsorption process and chemical precipitation domi-
nating the adsorption stage at pH > 8.97 by the analysis of XRD,
FT-IR spectra and Visual MINTEQ.
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