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Abstract: A novel adsorbent was prepared from granular red mud mixed with cement and its potential to be a suitable adsorbent for
the removal of cadmium ions from aqueous solutions was evaluated. The wet red mud was directly mixed up with cement at different
mass fractions of 2%—8% and their properties were investigated. Based on the textural characteristics and strength, the granular red
mud with 2% addition of cement maintaining for 6 d is identified to have better properties. The batch adsorption experiments for
adsorption of Cd*" ions from solution were performed at 30, 40 and 50 °C at different initial concentrations under the condition of
constant pH of 6.5. The equilibrium adsorption was found to increase with the increase of temperature during the adsorption process.
Langmuir adsorption isotherm model was found to match the experimental adsorption isotherm better. The kinetics of adsorption was
modeled using a pseudo second order kinetic model and the model parameters were estimated.
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1 Introduction

Cadmium is an important metal, which can be used
in many fields such as the manufacture of paints, plastic
stabilizers, phosphors, Ni—Cd battery materials, electric
contacts, fusible alloys and control rods for atomic
reactor. However, cadmium and its compounds have
been found to be very toxic and long-term exposure to
cadmium can cause serious damage to human endocrine
system, kidney, and bones [1,2]. Although the
environmental discharge standards are very strict
nowadays, the contamination of Cd in soil, lake and river
is still a very serious problem due to the massive mining
of zinc-lead [3]. Hence, it is imperative to identify the
appropriate technology to control the Cd contamination
in the irrigation water ways. One of the effective and
time tested treatment techniques for control of water

pollution is adsorption [4].

Red mud has been documented well that it can be
used as a low cost absorbent for removing heavy metal
ions, such as Zn*'[5], CrO3~ [6], Cd*" [7], Pb*" [8,9],
Cu?'[7,10] and Ni*" [11], and having high adsorption
capacity for cadmium removal after specific thermal
[12,13] or chemical pretreatment [14—16]. However,
most of the earlier works pertaining to utilization of red
mud employed was only powdered red mud. Powdered
red mud, though endowed with a high specific adsorption
area, it is not suitable for large scale commercial
operation because it requires filtration for removal of the
adsorbent.

In the present work, the authors attempt to prepare a
novel granular red mud adsorbent (GRM), and assess its
ability to remove cadmium(Il) ions from aqueous
solution using batch tests. In addition, the adsorption
isotherm and kinetics of adsorption are investigated.
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2 Experimental

2.1 Preparation of adsorbent

Fresh red mud filter cake, containing 28.24% water
with initial pH of about 13.3, was obtained from the
Kaiman Aluminum Co. Ltd. in China, and was used as
the principal raw materials for granulation. The high
quality Portland cement was obtained from a cement
plant of the Kunming city. The preparation procedures
are described in Fig. 1.

Red mud filter cake from

alumina plant (100 g) Cement (2 g)

[ Mixing and granulation |

I Fresh granular red mud (-2 mm) |

Maintenance at wet surrounding
for more than 4 d

Column washing with water
until pH is equal to 8.5
Alkali water Aged granular red
(for recovery of alkali) mud (-2 mm)

Fig. 1 Preparation procedure of granular red mud (GRM)
adsorbent

The specific surface area of granular red mud was
analyzed using Quanta Chrome  Instruments,

AUTOSORB-1.

2.2 Chemicals and reagents

All the chemicals and reagents used in the present
work were of analytical grade. The CdCl, stock solutions
with a concentration of 100 mg/L were prepared from
CdCl,. The metal ion solutions were subsequently diluted
with deionized water to the desired concentration ranging
from 1 to 10 mg/L.

2.3 Batch adsorption

Batch adsorption was performed under controlled
experimental conditions at a desired concentration of Cd
solution and pH. Granular red mud of about 10 g was
added to 100 mL of Cd solution in a 250 mL sealed glass
conical bottle. The sample bottles were placed in a
shaker bath under controlled temperature for 24 h. The
adsorption experiments were conducted at 30, 40 and 50
°C. In order to ensure sufficient interaction between Cd**
and granular red mud adsorbent, the agitation speed of
the shaker was kept at 100 r/min for all the batch
experiments. After completion of adsorption, the solution
was filtered directly.

The filtrate was analyzed using an atomic

absorption spectrophotometer. The cadmium adsorption
experiments were conducted at 5 different initial Cd(II)
concentrations (1, 2, 5, 8 and 10 mg/L) added as CdCl, at
30, 40 and 50 °C, respectively. The pH of solution was
maintained at 6.5 for all the experiments.

The adsorption capacity of Cd(II) ions by granular
red mud were calculated by the following mass balance
equation:

" PPy (1)

myg

where pyis the initial concentration, p. is the equilibrium
concentration, m, is the mass of adsorbent, and V is the
volume of the solution.

3 Results and discussion

3.1 Characterization of adsorbent
The XRD pattern of red mud is shown in Fig. 2.
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Fig. 2 XRD pattern of granular red mud adsorbent

The nitrogen adsorption isotherm of GRM was
performed using surface area analyzer (Quantachrome
Instruments AUTOSORB-1).

Table 1 lists the specific surface area and total pore
volume of GRM at different cement additions ranging
from 2% to 8%. It can be noted that the specific surface
area and pore volume do not vary significantly with the
increase of cement addition and the 2% addition is
considered to be sufficient for the purposes of
granulation.

Table 1 Textural characteristics of GRM with different contents
of cement addition

Cement Particle  Specific surface Total pore
addition/%  size/% area/(m*g ') volume/(m*g ™!
2 0-5 17.42 0.130
4 0-5 18.54 0.067
8 0-5 23.95 0.133
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The strength of GRM was assessed based on the
efflorescence rate according to the following procedures:
1) 5 g of GRM with different cement additions were
placed into a series of 250 mL conical flasks with water,
for different time (either 3 or 6 d); 2) the flasks were
placed in the shaker bath and shaken for 1 h; 3) filtering
the resultant slurry with a 60 mesh screen; 4) drying the
particles with a size 0.25 mm; 5) calculating the mass
ratio of material in excess of 0.25 mm particles. The
results of efflorescence rate are listed in Table 2.

It can be see from Table 2 that the GRM with a
cement addition of 2% (wet base) and after maintaining
for 6 d under wet conditions has the highest strength.

The textural characteristics of the GRM with 2%
cement addition (wet base) were investigated by SEM
and EDS shown in Fig. 3.

It can be seen from Figs. 3 (a—c) that GRM exists
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Table 2 Efflorescence rates under different conditions

Cement addition (compared Efflorescence rate/%

with wet red mud)/% After 3 d After 6 d
2 64.10 4.83
4 64.53 24.7
6 44.40 26.15
8 29.38 16.83

on the porous surface. In addition, Fig. 3(b) shows that
the pore size of the GRM is in the range of 3.2—6.8 pm.
It can be supposed from Figs. 3(d—f) that the GRM
prepared by present method has a characteristics of
cement existence on the surface, while the red mud exists
mainly inside, explaining the reason of minimal amount

of 2% cement addition is sufficient to prepare high
strength GRM.

Point 1
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Energy/keV
(e) Ca Point 2 (" Ca Point 3
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Al
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Fig. 3 SEM images and EDS results of cement granular red mud: (a)—(c) SEM images of GRM; (d) EDS result for point 1 in (c);

(e) EDS result for point 2 in (c); (f) EDS result for point 3 in (c)
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3.2 Effect of contact time on adsorption

Figure 4 shows the effect of contact time on
adsorption rate at different initial concentrations of Cd**
solution, using adsorbent dosage of 0.1 g and at
temperature of (30+1) °C.
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Fig. 4 Effect of contact time on adsorption rate

It is shown in Fig. 4 that the adsorption rate is very
high initially, and it decreases when time increases,
eventually reaches a steady state. The high initial rate of
adsorption is due to the high concentration driving force
available for mass transfer from the liquid to the
adsorbent active sites. The removal rate of Cd*" from
solution decreases with the initial
concentration of Cd*'due to the limited availability of the
adsorption sites, because the amount of adsorbent is
constant in all the experiments.

increase of

3.3 Effect of initial Cd** concentration on batch

adsorption

Figure 5 shows the effect of initial concentration of
Cd*" on adsorption amount, using adsorbent dosage of 1
g/L at temperature of (30+1) °C.

The removal rate of Cd*" from solution decreases
with increase of the Cd*" initial concentration, and the

100

_ oL ©@— Amount of adsorption
o 8 e — Adsorption rate
E 196
g X
T 6 P
2 {92 £
q4 E
ks 188 3
= <
3 2
£
< 184

0 2 4 6 8 10

p(Cd*)/(mg-L™)

Fig. 5 Effect of initial concentration of cadmium ion on
adsorption

reduction was found to be in the range of 95%—84%. The
amount of Cd*" adsorbed by the adsorbent increases with
increase of the initial concentration of Cd*" in the
solution. The higher initial concentration of Cd*" with
fixed amount of adsorbent will result in a higher
equilibrium concentration of Cd*"in the solution, which
contributes to a higher amount of Cd*" adsorbed by the
adsorbent.

3.4 Effect of

adsorption

Figure 6 shows the effect of solution temperature on

the removal of Cd*" from solution at different initial
concentrations of Cd*" using adsorbent dosage of 1 g/L.

reaction temperature on batch

100

= — | mg/L
*— 2mg/L

Adsorption rate/%

30 35 40 45 50
Temperature/°C

Fig. 6 Effect of reaction temperature on adsorption

It can be seen from Fig. 6 that as the adsorption
temperature increases, the removal rate of Cd*" also
increases. A higher removal rate of cadmium from
solution indicates a higher amount of transfer to the
adsorbent phase, resulting in a higher adsorption capacity
of the adsorbent. In other words, the adsorption capacity
increases with increase in the temperature of the
adsorption process. A physical adsorption is generally
understood to be exothermic and the equilibrium
adsorption will decrease with increase in the temperature
of adsorption process. An increase of the adsorption
capacity with increase in the temperature indicates a
significant adsorption being endothermic reaction.

3.5 Adsorption isotherms and kinetics

The equilibrium adsorption of the Cd*" was tested
with the popular adsorption isotherms, Langmuir and
Freundlich models. Both models are well detailed in Ref.
[17] and hence only the representative model equations
are provided. The Langmuir equation is expressed as
follows:

_ KLpe (2)

qe - 1_*_aLpe
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The linearized form of Eq. (2) is provided as
follows:

. 1 appz
R 3)

9. K Ky,

where ¢. is the equilibrium adsorption capacity of the
adsorbent, p, is liquid phase concentration at equilibrium ,
and Kp (L/g) and @y (L/mg) are Langmuir constants.
According to Fig. 4 and Eq. (3), a linear relationship
between p. and p./q. is shown in Fig. 7.
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Fig. 7 Langmuir adsorption isotherm for Cd** onto GRM at
different temperatures

From Fig. 7, the model constants, K| and a; along
with the coefficient of determination (R?) are calculated
and listed in Table 3.

Table 3 Langmuir and Freundlich parameters of GRM
adsorbent at different temperatures

Langmuir constant Freundlich constant

K Fmax/ ar/ 2 aif b R?
(mgg ') (L'mg ) (mgg')

303 9.4251 0.0567 09933  50.1753 0.5592 0.9810
313 10.1926 0.042  0.9920  84.7540 0.5784 0.9701

323 10.7887 0.0364 0.9779  121.7138 0.6069 0.9560

Freundlich isotherm is the semiempirical equation,
with the assumption of multilayer absorption. The
equation is expressed as

Ge = " )
Transfer Eq. (4) into linear form as follows:
Ing, =Ina; +b; In p, %)

where ar is the constant of Freundlich equation, to a
certain extent reflecting the strength of the adsorption
ability; b¢ is the component factor, which indicates the
intensity of adsorption increasing with increase in the
concentration and can also indicate the adsorption
difficulty.

According to Fig. 4 and Eq. (5), a linear relationship

of Inp, and Ing. is shown in Fig. 8. From Fig. 8, the
model parameters a; and b; along with the R? value are

listed in Table 3.
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Fig. 8 Freundlich adsorption isotherm for Cd*" onto GRM at
different temperatures

The R? value listed in Table 3 clearly indicates that
the Langmuir mode fits better than the Freundlich model.
The value of g, indicates the monolayer adsorption
capacity of the GRM, which increases with the increase
of the temperature during the adsorption process.

The adsorption kinetics is generally modeled using
the pseudo first order or pseudo second order model,
while the second order model fits the experimental data
better compared with the first order model for the
adsorption of metal ions in solution using solid adsorbent
[16]. The suitability of the pseudo second order model to
match the experimental data was based on the R* value.
The quasi second order kinetic model is given as

dg _ e
& =ky(q. —q) (6)

Equation (7) can be linearized to the following
form:

Lo Lt 7
q[ kzqe qe
h=kyq? (8)

where h (mg-g 'min"') is initial adsorption rate, k,
(gmg "min"") is the quasi second order model of rate
constant, and ¢ is the amount adsorbed at any given time,
while g, is the equilibrium adsorption capacity.

Figure 9 shows the closeness of the model equation
with the experimental data. The R”value is presented in
Table 4 along with the model kinetic parameters. The
microanalysis of the GRM surface after Cd adsorption is
shown in Fig. 10.

It can be seen in Fig. 10(a) that the porous surface
of GRM after adsorption of Cd still exists, the EDS
analysis in Fig.10(b) also clearly indicates the presence
of Cd in the GRM.
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Fig. 9 Fitting curves of pseudo-second-order kinetic model
with experimental data

Table 4 Pseudo-second-order model parameters at different

concentrations

Pseudo-second-order model
ky/ h/ g.(cal)/ R
(gmg 'min ") (mg'g "'min"") (mg'g""

pO/ qe/
(mgL ") (mgg ")

1 0.949 0.0305 0.0282 0.9616 0.9976
2 1.864 0.0113 0.0410 1.9053 0.9903
5 4.477 0.0054 0.1119 4.5714 0.9963
8 6.584 0.0080 0.3527 6.6547 0.9957
10 7.767 0.0091 0.5548 7.8235 0.9894
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Fig. 10 SEM image of GRM (a) and EDS result (b) for point 1
in (a)

4 Conclusions

1) The wet red mud was directly mixed up with
cement at different mass fractions ranging from 2% to
8% and their physical properties were estimated. Based
on the textural characteristics and the physical strength,
the 2% addition of cement is identified to have better
properties.

2) The granular red mud (GRM) mixed with cement
has potentials to be a suitable adsorbent for the removal
of cadmium ions from aqueous solutions. The batch
experiments for adsorption of Cd** ions with the GRM
from solution were performed at 30, 40 and 50 °C at
different initial concentrations under the condition of
constant pH of 6.5. The results show that the GRM has
good adsorption capacities. The equilibrium adsorption
increases with the increase of temperature during the
adsorption process, indicating the adsorption is an
endothermic reaction.

3) The Langmuir adsorption isotherm model
matches the experimental adsorption isotherm better. The
adsorption capacity of adsorbent for Cd ** is more than 9
mg/g. The pseudo second order model matches the
experimental data well. R* values are more than 0.99.

4) The SEM and EDS results of the GRM surface
after Cd adsorption clearly indicate the presence of Cd in
the GRM.
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