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Abstract: -Natural attapulgite was utilized as an adsorbent for the removal of Al, Fe and Mn from a mixed
metal effluent. Adsorption experiments were carried out by agitation of a fixed amount of attapulgite with a
fixed volume of effluent waste stream in a thermostatic shaker for varying times. Attapulgite showed that it was
capable of neutralising the acidic waste stream effluent as pH after 3 hour rose from 2 to 7.46. 4% solid
loading of attapulgite could remove 85% Mn(ll), 90% AI(II1) and 100% Fe(Ill) The experimental data best fit
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models and the adsorption mechanism was
physisorption. The adsorption process fitted well the pseudo second order kinetics for all metal ions studied.
Thermodynamic data showed that Fe(ll1) and Mn(ll) adsorption was thermodynamically spontaneous whilst
AI(111) was not thermodynamically spontaneous. The process is endothermic for all metal ions. An increase in
temperature resulted in an increase in spontaneity of the adsorption process. An increase in metal concentration

resulted in an increase in amount of metal ion adsorbed per unit weight of attapulgite.
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1 Introduction

Water is of major importance to all living things, in
some organisms, up to 90% of their body weight
comes from water and up to 60% of the human body
is water [1]. Though metals are essential for human
growth, their presence in elevated levels in water
has adverse effects on the health of humans [2].
Aluminium is released to the environment by both
natural processes and anthropogenic sources. Due to
its prominence as a major constituent of the earth’s
crust, natural processes far exceed the contribution
of anthropogenic releases to the environmental
distribution of aluminium [3]. The major
anthropogenic sources of aluminium-containing
particulate matter include coal combustion
Aluminium production, and other industrial
activities, such as smelting, that process crustal
minerals [4]. Iron is usually released into the
environment as iron pyrite from coal and gold
mining [5]. The sulfide is oxidized to sulfate by
bacterial and chemical reactions, releasing hydrogen
ions and thus acidifying the water. Manganese
compounds may also be released to the environment
through their use in batteries, electrical coils, and
ceramics. Other important anthropogenic sources of
manganese include industrial emissions, combustion
of fossil fuels, and landfills [5]. Aluminium can be
either beneficial or harmful, depending on the levels
of exposure, although acute exposure to high doses
of aluminium are well tolerated, aluminium may be

a contributing factor in certain neurodegenerative
diseases such as Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS) and Parkinson’s
Dementia [6]. Iron is the second most abundant
metal in the earth's crust, of which it accounts for
about 5%. Iron is an essential element in human
nutrition. The average lethal dose of iron is 200—
250 mg/kg of body weight, but death has been
shown to occur following the ingestion of doses as
low as 40 mg/kg of body weight [7]. Lethal doses
cause haemorrhagic necrosis and sloughing of areas
of mucosa in the stomach with extension into the
submucosa. Manganese is an essential element for
many living organisms, including humans as some
enzymes require manganese.  High levels of
manganese exposure leads to neurological effects
[8]. Manganism is caused by exposure to very high
levels of manganese dusts or fumes and is
characterized by symptoms including weakness,
anorexia, muscle pain, apathy, slow speech,
monotonous tone of voice. Some motor functions
may already be affected following chronic exposure
to levels of manganese of <1 mg/m3 [9, 10]].
Adsorption has been shown to be an effective way
to remove metals from water [11]. Clays have been
shown to be effective adsorbents [12]. Clays have
the advantage of high specific surface area, cation
exchange capacity and chemical and mechanical
stability[13]. Attapulgite
[(Mg,Al)4(Si)s(0,0H,H20)26.nH20] is a hydrated



magnesium aluminium silicate. Adsorption of either
Fe(Il) or Fe(lll) on clays has not been explored
much and only a few studies have been reported
[14]. Methodologies for aluminium removal that
have been developed include cation exchange,
reverse osmosis and electro-dialysis, but these
methods suffer from high cost and are not viable in
developing countries like South Africa [15,16,].
There is therefore need to further study alternative
cheap methods for metal removal. This paper seeks
to establish the effectiveness of natural attapulgite in
the adsorption of aluminium, manganese and iron
from mixed metal effluent stream.

2 Materials and Methods

Natural attapulgite was supplied by G&W Base
Minerals. Analytical grades of Fe(NH4),SO4.6H-0,
Al2(S04)3.18H20, MnSQ,, were supplied by Sigma
Aldrich and were used to make synthetic mixed
metal effluent stream . 98% H,SO, and NaOH were
supplied by Sigma Aldrich and were used for pH
adjustment.

2.1 Equipment

pH was measured using Metler Toledo dual meter (
Sevenduo pH/conductivity meter with a Metler
Toledo InLab Pro ISM pH electrode and Metler
Toledo InLab738 ISM conductivity probe). Metal
analysis was achieved using an Inductively Coupled
Plasma spectrometer (GBC Quantima). Adsorption
experiments were conducted in a thermostatic
shaker (Labotec OrbiShaker).

2.2 Procedure

The adsorption experiments were conducted using
synthetic waste stream effluent containing Al, Mn
and Fe. Stock solution of 1000 ppm of Al, Mn and
Fe were prepared by dissolving appropriate amounts
FE(NH4)2804.6H20, A|2(804)3.18H20 and MnSO.,
in reverse osmosis (RO) water. The stock solutions
were maintained at a pH of 2 using 98% H.SOa.

2.3 Adsorption Experiments

The batch adsorption experiments were carried out
in 250 ml conical flasks by mixing natural
attapulgite with 200 ml of synthetic waste stream
effluent and agitated at various temperatures and
times in a thermostatic shaker. After agitation the

mixtures were filtered and the filtrate was ready for
ICP analysis.

2.3.1 Effect of pH

Three 200 ml of heavy metal effluent (50 ppm of
each Fe, Al and Mn) at pH of 2, 5 and 7 respectively
were mixed with 8 g of attapulgite. The resulting
solutions were agitated at 200 rpm in a thermostatic
shaker for 180 min. At the end of 180 min agitation
was stopped and the solution was filtered and the
solution pH was measured. The filtrate was then
taken for ICP metal analysis.

2.3.2 Effect of metal concentration

Three 200 ml of heavy metal effluent with 20, 30
and 50 ppm of each metal (Fe, Al and Mn)
respectively were mixed with 8 g of attapulgite. The
resulting solutions were agitated at 200 rpm in a
thermostatic shaker for 180 min. At the end of 180
min agitation was stopped and the solution was
filtered. The filtrates were then taken for ICP metal
analysis.

2.3.3 Effect of residence time and temperature

8 g of natural attapulgite was added to 200 ml of
heavy metal effluent with 50 ppm of each metal in a
250 ml conical flask. The initial pH and
conductivity, of the synthetic waste effluent were
measured. 7 solutions were used and each solution
was agitated at 200 rpm using a thermostatic shaker
maintained at 298.15 K. The solutions were run for
15, 30, 45, 60, 90, 120, 150 and 180 min
respectively. After each time interval agitation was
stopped and the solution pH was measured. The
solutions were then subsequently filtered and
analysed for heavy metals using the ICP. The
amount adsorbed per unit mass of adsorbent at
equilibrium g is given by

CJ.E = (CI}_ Ce:] XUKM
1)

Where ge (mg/g) is the amount of metal adsorbed at
equilibrium per unit mass of adsorbent, Co (mg/L) is
the initial metal concentration in solution, Ce (mg/g)
is the equilibrium metal concentration in solution, V
(L) is the volume of the solution and M (g) is the
mass of adsorbent.

The above procedure was then repeated at 308.15 K
and 318.15 K to calculate thermodynamic data.

3 Results and Discussion



3.1 Effect of pH

Fig. 1 shows the variation in metal removal
efficiency with pH
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Fig. 1 Variation in metal removal with pH

Fig. 1 shows that the % metal removed increased
with an increase in pH for Mn and Al. Fe adsorption
was not affected by pH. Mn adsorption at pH 2 was
69% whereas at pH 7 it was 84%. At low pH there
are more H* ions and the surface of the attapulgite is
most likely to be covered with H* ions limiting the
adsorption of Mn and Al (Gupta and Bhattacharyya,
2008). An increase in pH results in a decrease in H*
ions concentration, leading to freeing of adsorption
sites for Al and Mn resulting in an increase in
uptake [17]. Fe®** precipitates in pH above 4 hence
the % removal at pH 5 and 7 are the same [18].

3.2 Effect of Adsorbent Concentration
Fig. 2 shows the variation of g. with adsorbent
concentration
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Fig. 2 Variation in ge with adsorbent weight

The @e for values Al and Mn decreased with
increase with attapulgite concentration because an
increase in adsorbent amount reduced unsaturation

of the adsorption sites and high attapulgite amounts
have been shown to create aggregates resulting in
reduction of total surface area and an increase in
diffusional path length [19]. Only the adsorption of
Fe** was significantly unaffected by the increase in
metal concentration and this may be because the
main mechanism responsible for Fe** removal from
solution has been observed to be precipitation [20].

3.3 Effect of metal concentration
Fig. 2 the variation silica yield with solid loading
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Fig. 3 Variation in ge with increase in metal
concentration

There was an increase in ge with increase in metal
concentration showing that attapulgite has a high
affinity for the metal ions as evidenced by positive
entropy values [21].

3.4 Effect of residence time

Fig. 4 shows the variation in pH with time (Initial
pH 2, 50 ppm metal concentration, 4% m/v
attapulgite loading).
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Fig. 4 Variation of pH with agitation time

Attapulgite is able to neutralize synthetic waste
stream effluent as pH rises from 2 to 7.26 after 3 h.



Attapulgite has been shown to contain 0.146% were below unity for Freundlich isotherm indicating

Na,0O, 11.43% MgO and 4,19% CaO, these metal that the adsorption was not thermodynamically
oxides have a neutralizing effect on aqueous favourable [24]. Since both Langmuir and
solution [22]. Freundlich isotherms fitted the experimental results

well, the data was subjected to Temkin and
Dubinin—-Radushkevich isotherms.

3.5 Adsorption Isotherm
3.5.1 Temkin Isotherm

In order to find the adsorption capacities of the

metals adsorbed by attapulgite, the experimental This isotherm contains a factor that explicitly takes
results were analysed using the Langmuir (Egn.2) into the account of adsorbent—adsorbate interactions.
and Freundlich (Eqn.3) isotherms. The following Excluding extremely low and large value of
linearised equations were used for this purpose concentrations, the model assumes that heat of
C./ _ C. adsorption  (function of temperature) of all
Ae - }/m'b+ Am molecules in the layer would decrease linearly
(2) rather than logarithmic with coverage [25]. Its
derivation is characterized by a uniform distribution
logqg, =log K, +%Iog C, _of pinding. The _Iinearised Temkin Isotherm model
3) is given by equation 4.
Where C. (mg/L) is the metal concentration in . =BIn A +BInC,
solution at equilibrium ge (mg/g) is the amount of (4)
metal adsorbed per unit mass of adsorbent, gm Where Ar is the Temkin isotherm equilibrium
(mg/g) is the maximum adsorption, b (L/g) is a binding constant (L/g) T is the absolute Temperature
constant related to enthalpy of adsorption Kr and n (K) and B is the constant related to heat of sorption
are Freundlich equilibrium constants indicative of (3/mol). A plot of ge vs In Ce should be linear if the
the adsorption capacity and adsorption intensity. model fits the experimental data. Table 2 shows the
Plots of Ce/qe vs Ce and log ge vs log Ce were done Temkin model parameters.

to represent the Langmuir and Freundlich isotherms
respectively. The experimental data was considered -
to fit a particular isotherm if the correlation Table 2: Temkin Isotherm Parameters
coefficient was greater than 0.99. Table 1 shows the
isotherm parameters.

Metal Ar(L/g) B (J/mol) R?
Table 1: Langmuir and Freundlich isotherm Al 7.89 191 0.9999
parameters. Fe 8.26 78 0.9979

Mn 0.66 574 0.9991
Langmuir Isotherm Al Fe Mn _ _
qm (Mg/g) 0.031 0.016 0.006 1€ metals data fit the Temkin model well as the R?

values were greater than 0.99 The low values of the

B (L/g) 0.651 1.300 2'105Temkin constants (Ar and B) as shown in Table 2
Ru 0.029806 0.015152 0.0094%4dicated interactions between the attapulgite and
R2 0.999 1.000 0.996metal ions was consistent with ion-exchange
Freundlich mechanism or physisorption [26].

Ke (mgt-i/nLng L) 1.585 0.045 0.859

N 5 848 0122 0_3493.5.2 Dubinin—-Radushkevich isotherm model

R? 0.997 1.000 0.998 pubinin-Radushkevich  isotherm is  generally

applied to express the adsorption mechanism with a
Gaussian energy distribution onto a heterogeneous

The adsorption process fits both Langmuir and surface [27, 28]. The linearised equation is given by
Freundlich isotherms as R? values were greater than equation 5:

0.99. Since 0 <R.< 1 (Table 1), for all metals it

showed that the adsorption via Langmuir isotherm Ing, =Ing, — KDRgZ

was favourable [23]. The n values for Fe and Mn ®)



Where ge, gs, and Kpr , are amount of adsorbate in
the adsorbent at equilibrium(mg/g), theoretical
isotherm saturation capacity (mg/g), Dubinin—
Radushkevich  isotherm  constant ~ (mol?/kJ?)
respectively and ¢ is another Dubinin-
Radushkevich isotherm constant.

Where ¢ is given by equation 3.

e=RT In[1+ j
}/Ce (3)

The values of the sorption energy Es (J/mol) can be
correlated to Kpr by using equation 4.

E —
= Ve “

Table 3 shows the Dubinin-Radushkevich model
parameters.

qe (Mg/g) 0316 0673 1121
Age (Mg/g) -0.004 -0.016 0.002
Kz (gmg?*min?) 7.75 1.41 2.06
R? 0.9975 0.9997 1.0000

Table 3:

Dubinin-Radushkevich model parameters

Metal Qs Kpr Es R?
(mg/g) (mol?kJ? (J/mol)

Al 1.02 0.000001 707 0.9995

Fe 0.50 0.0000001 2236 0.9718

Mn 0.25 0.000003 408 0.9904

The metals data fit the Dubinin-Radushkevich
model well as the R? values were greater than 0.99
with the exception of Fe which was 0.97. The mean
sorption energy values were below 8kJ/mol (Table
3) indicated that the adsorption process was typical
physisorption [29]. This is in agreement with
thermodynamics data where AG® values were below
20kJ/mol (Table 5) indicating that adsorption was
through physisorption [30].

3.6 Adsorption kinetics

Plots of log (ge-qr) vs t and t/gt vs t were done to
represent pseudo first and second order Kinetics
respectively. The experimental data was considered
to fit a particular model if the correlation coefficient
was greater than 0.99. Values for pseudo first order
kinetics are not shown as the R? values were 0.08,
0.65 and 0.16 for Al, Fe and Mn respectively. Table
4 shows the pseudo second order model parameters.

The pseudo second order kinetic model gave the
best fit for experimental data as R%> 0.99. The
calculated g values were very close to experimental
values as seen by the Adge values further confirming
that the model is the best to describe the adsorption
kinetics.

3.7 Effect of Temperature

Figure 5 shows the plots of AG® vs T and Table 5
shows the Lamgmuir Isotherm parameters at
different temperatures.
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Fig. 5 AG® vs T plot for Al, Mn and Fe.

Table 5:
Thermodynamic data for adsorption of Al,
Fe and Mn.

AG° (J/mol)
AH° AS°
Metal (kd/mol)  (J/mol)
Temperature
K 29815 30815 318.15
Al 135 41.8 1101 628 264
Fe 6.49 24.2 -672 -1053 -1156
Mn 4.34 20.9 -1907 -2034 -2324

Table 4:
Second Order Kinetic model parameters
Second Order Kinetics Al Fe Mn

The positive value for enthalpy show that the
adsorption process is endothermic which is
supported by the Gibbs free energy values
which increase in the negative value as the
temperature is increased for Fe and Mn whilst



the positive value for Al decreased (Table 5).
The adsorption is endothermic because cations
in solution are in hydrated form M(OH), and
therefore energy is required for the detachment
of water molecules from cations (hydration
enthalpy). Therefore the more a cation is
hydrated the stronger its hydration enthalpy and
the less it can interact with the adsorbent [31].
The positive entropy values pointed to a stable
configuration ~ during  adsorption [19]
accompanied by considerable change in surface
configuration of the adsorbent due to strong
affinity of metal ions for clay surface

4 Conclusion

Attapulgite can be used to immobilise Al, Fe
and Mn at 4% solid loading. The adsorption
isotherms fitted Langmuir, Freundlich, Temkin
and Dubinin-Radushkevich isotherm. Al, Fe
and Mn adsorption was endothermic. Mn and
Fe adsorption was thermodynamically
spontaneous  whilst Al adsorption  was
thermodynamically not spontaneous.
Adsorption was via weak electrostatic
adsorbent-adsorbate interactions typical of
physisorption. An increase in temperature
resulted in an increase in spontaneity of the
adsorption process.
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