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ABSTRACT

Glauconite and kaolin are used as adsorbent materials for iron removal from synthetic solutions. Different concen-
trations of iron solutions have been prepared (10, 20 and 30 mg/L). Different dose of glauconite and kaolin were added
(0.1, 0.55 and 1.0 g). Statistical design was used to determine the optimum conditions of iron adsorption on glauconite
and kaolin. It is shown that glauconite has high adsorption for iron reaching to 95% while kaolin has lower adsorption
for iron. Physical and chemical characterization of glauconite and kaolin was tested. High surface area of glauconite
(19.8 m?/g) compared to kaolin (5.4 m?/g) explains its high removal efficiency.
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1. Introduction

Glauconite and kaolin clays are extremely fine particles exhibiting
chemical properties of colloids™?. The high specific surface area, chemical
and mechanical stability, layered structure, and high cation exchange capac-
ity (CEC) made these clays excellent adsorbent materials®. Because of their
small particle size, the specific surface area (external and internal) of clays
and clay minerals could be increased to few hundreds m%g. Natural clays
like glauconite and kaolin acquire prominence as low-cost adsorbents over
the last few decades due to their abundance and its capability to undergo
modification to enhance the surface area and adsorption capacity™!.

Ground water and some water from the bottom anoxic zones of reser-
voirs often contain iron and manganese ions or their complexes with natural
organic matter®®. In conventional treatment, the oxidation of iron and man-
ganese was carried out using various oxidants such as oxygen, chlorine,
ozone, or potassium permanganate. The chemistry of oxida-
tion becomes complicated when background species such as phosphate and
fulvic acid are involved, so that the oxidation of ferrous ion, that can be
normally readily oxidized, is retarded!”.

It was reported that, heavy metals such as arsenic, cadmium, copper,
cobalt, chromium, nickel, iron, and zinc, exist in variable contents in drink-
ing water as well as in ground water®®®!. This makes the removal of these
toxic contaminants from water sources, efficiently and within reasonable
costs, an important issue. Many adsorption materials have been investigated
for the removal of heavy metal ions from water. Sorbents that have been
studied include natural and artificial materials such as clay mineralst*®**],
carbon-nanomaterials®*®*®, biosorbents™, and micro/nano-structured metal
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oxides?®281,

In this research, adsorption of iron ions on
glauconite and kaolin minerals was studied. In
Egypt, ground water of New Valley area contains
higher contents of iron ions above the acceptable
limit. The concentrations of iron ions in New Valley
ground waters are ranged from low to moderate.
Baharia oasis area in Egypt is rich with glauconite,
and Klabbsha, Aswan and Sinai areas in Egypt have
a huge amount of kaolin. So, glauconite and kaolin
can be used as cost-effective clay minerals for iron
removal from ground water.

2. Experimental procedures
2.1 Materials

Glauconite was obtained from New-Vally area,
Egypt. Kaolin was obtained from Aswan area,
Egypt. Samples were crushed, grounded, sieved to
—150+200 mesh size, and dried at 105 °C. Samples
of natural glauconite and kaolin analysis are given
in Table 1. A stock solution of ferrous ions (1000
mg/L Fe®") is prepared by dissolution of ferrous
sulfate heptahydrae (Sigma-Aldrich chemicals,
Germany) with distilled water. Then, different con-
centrations ferrous ions were prepared by diluting

certain volume of stock solution with distilled water.

All chemicals used were of analytical grade.

Table 1. Chemical analysis for natural glauconite and kaolin

Elements Glauconite Kaolin
Sio, (%) 39.0 51.6
Al,O, (%) 23.50 29.7
K,0 (%) 3.50 0.48
Fe,0; (%) 23.88 2.48
CaO (%) 0.04 0.27
Tio, (%) 0.14
P,0Os (%) 0.37 0.54
MnO (%) 0.05 0.75
Cl (%) 0.20
SO; (%) 1.52 0.09
L.O. (%) 7.05 13.54
2.2 Methods

Experimental Statistical Design-Expert 9.0.3,
Stat-Ease, Inc., MN, USA, software was used in
this paper: 17 runs were carried out by applying the
experimental Box-Behnken statistical design with
three levels and three variables as shown in Table 2
and 3. Each run was done independently while

glauconite and kaolin dose varied according to the
design.

Aliquots of Fe (I1) solutions of known concen-
tration were put into the glass bottles (100 mL)
containing accurately weighted amounts of the ad-
sorbent. After the required adsorption time, iron
ions concentration was determined by atomic ab-
sorption  flame emission  spectrophotometer
(AA-6200 Shimadzu).

Table 2. Codec factor variables

. Levels
Variables
0 +1 -1
Time (min) 35 60 10
Concentration (mg/L) 20 30 10
Dose (9) 0.55 1.0 0.1

Table 3. Experimental Box-Behnken design with three levels
and three variables applied in adsorption experiments

Codec factor levels

Run No. - -
Time Concentration Dose

1 -1 +1 0
2 0 -1 -1
3 +1 0 +1
4 +1 -1 0
5 -1 0 1
6 -1 -1 0
7 0 0 0
8 0 -1 +1
9 0 0 0
10 0 +1 +1
11 0 0 0
12 0 0 0
13 0 0 0
14 -1 0 +1
15 0 +1 -1
16 +1 0 -1
17 +1 +1 0

2.3 Cation exchange capacity (CEC)¥"!

25.0 g of clay sample was added to a 500 mL
Erlenmeyer flask, and then 125 mL of 1 M
NH4,OAc was added with shaking thoroughly and
allowed standing 16 hours. After standing, filtrate
the sample then, wash and rinse with eight separate
addition of 95% ethanol to remove excess saturat-
ing solution. Extract the adsorbed NH, by leaching
the sample with eight separate 25 mL additions of 1
M KCI. Discard the clay sample and transfer the
leachate to a 250 mL volumetric. Dilute to volume
with additional KCI. The concentration of NH.-N in
the KCI extract was determined by spectrophotom-
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eter (spectro UV-2650, LABOMED, USA).

2.4 Morphology analysis

In order to know the reason of highly effective
removal of iron with glauconite, structure sight
should be analyzed. Scanning electron microscope
(SEM) was employed to visualize sample mor-
phology. In the present work, the glauconite sample
was analyzed by this technique using SEM to study
the surface morphology of glauconite sample.

2.5 Statistical analysis

Box-Behnken design was used for statistical
experimental design®” to study the interactions and
analyze the effects of studied parameters on the iron
ions adsorption efficiency at glauconite and kaolin.

According to this design, the optimal condi-
tions were estimated using a second order polyno-
mial function by which correlations between stud-
ied parameters (time, concentration & dose) and
response (adsorption efficiency, %) were estab-
lished. The general form of this equation is:

Y = Bo + BiXy + BoXy + BaXz+ BraXaXo+ PraXi Xz +
B2aXoXa+B11 X"+ B2 X0 +BasXs” 1)

where Y is the predicted response; X;, X, and X3
are the studied variables; B, B2, Ps.. .. are equation
constants and coefficients. Software package, De-
sign-Expert 9.0.3, Stat-Ease, Inc., MN, USA, was
used for regression analysis of experimental data
and to plot response surface contours.

3. Results and discussion

3.1 Characterization of glauconite and kao-
lin

Some chemical and physical properties of
glauconite and kaolin are presented in Table 1 and
Table 4. The glauconite sample has a specific sur-
face area of 19.8 m%g while kaolin of 5.4 m?/g. Al-
s0, CEC of glauconite was 28 meq/100 g and kaolin
was 11 meq/100 g.

Table 4. Physical properties of glauconite and kaolin

Parameters Value - -
Glauconite Kaolin
Specific surface area (m*/g) 19.8 5.4
CEC (meq/100 g) 28 11
Porous volume (cm®/g) 0.264 0.315
Particle size (jm) 80-100 80-100

3.2 Statistical analysis of variance Fe (I1)
adsorption

Adsorption results of iron ions on glauconite
and kaolin are given in Table 5. The adsorption ef-
ficiency (%) onto glauconite was varied from
14.8% to 95.3% (Run numbers 5 and 8). More than
95% Fe (I1) removal with contact time 35 minutes,
iron load 10 mg/L and 1.0 g of glauconite. Actually,
these results of glauconite are highly promised if it
is compared with Electro-coagulation method
which gives removal efficiency of Fe (1) 95-99%
with high coast (Approx. 6.05 $/m%)! while clay
adsorption of glauconite and kaolin is not expen-
sive because these ores has low price (24-39 $ per
ton of clay)®. In spite of the design conditions of
iron ions adsorption efficiency (%) onto kaolin var-
ied from 1.1 to 44% (Run numbers. 16 and 8) where
it’s noticed the weak adsorption compared to glau-
conite, it is still more economic in use than other
techniques like electro-coagulation method and ad-
sorption with activated carbon!®!.

Table 5. Results of Fe (11) adsorption on the surface of glauco-
nite & kaolin

Run Time Concentration Dose Adsorption (%)
no.  (min) (mg/L) (9)  Glauconite Kaolin
1 10 30 055 487 24
2 35 10 0.10 64.6 19.6
3 60 20 1.00 95.2 23.7
4 60 10 0.55 94.0 20.4
5 10 20 010 148 9.4
6 10 10 055 620 32.7
7 35 20 0.55 845 10.5
8 35 10 1.00 953 44.0
9 35 20 0.55 845 10.3
10 35 30 1.00 73.0 3.6
11 35 20 0.55 845 10.6
12 35 20 0.55 84.8 10.5
13 35 20 055 845 10.4
14 10 20 1.00 453 14.7
15 35 30 0.10 28.6 1.1
16 60 20 0.10 458 8.2
17 60 30 055 922 29

Statistical results of analysis of variance of Fe
(11 adsorption on the surface of glauconite & kaolin
are given in Table 6. The time of adsorption and
adsorbent dose are the most significant factors
while the concentration of adsorbate is less signifi-
cant. The obtained correlation coefficient (R?) of the
models was 0.94, which indicates a good predicta-
bility of the models. It is noticed that, for kaolin, the
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concentration of adsorption is the most significant
while the time of adsorption and adsorption dose
are less significant. The obtained correlation coeffi-

cient (R?) of the models was 0.92, which indicates a
good predictability of the models.

Table 6. Analysis of variance of Fe (I1) adsorption on the surface of glauconite & kaolin

Source Sum of Squares Mean Square F-Value ?F',\;g:)ui A

Glauconite Kaolin  Glauconite Kaolin  Glauconite Kaolin  Glauconite  Kaolin
Model 9632.7 1896.4 1070.3 316.1 311 18.7 <0.0001 < 0.0001
A (Time) 3059.6 2.0 3059.6 2.0 89.1 0.1 < 0.0001 0.7383
B (Concentration) 673.5 1423.1 6735 1423.1 19.6 83.9 0.0031 < 0.0001
C (Dose) 3005.1 284.4  3005.1 284.4 87.4 16.8 <0.0001 0.0022
AB 33.1 40.9 33.1 40.9 0.9 2.4 0.3594 0.1511
AC 89.8 26.0 89.8 26.1 2.6 15 0.1501 0.2437
BC 46.9 119.9 46.9 119.9 14 7.1 0.2809 0.0239
A? 664.9 664.9 - 19.3 --- 0.0032 -
B2 27.8 27.8 - 0.8 --- 0.3981 -
c? 1931.2 1931.2 - 56.2 --- 0.0001 -

The correlation between adsorption efficiency
(%) and process factors (time, concentration and
dose) can be shown as a final equations (2) and (3)
in terms of the actual factors for glauconite and ka-
olin, respectively.

Adsorption = +84.22 + 1956 * A - 9.18 * B +
19.38*C +2.88* AB +4.74* AC + 3.42 * BC -

12.75* A+ 12.57 * B>~ 21.42 * C° (2)
Adsorption = + 33.85 - 0.4 * A—1.11 * B + 29.65 *
C+0.01*AB+0.23*AC-1.22*BC 3)

Where, A is the time of adsorption (min), B is the
concentration of ferrous ions (mg/L) and C is the
glauconite or kaolin dose (g per 100 mL solution).
These equations are highly significant because
they represent the net results of statistical applica-
tion input data, so by known any adsorption param-
eters of time, concentration and glauconite or kaolin
dose, by applied directly in equation (2) or (3),
output results will be adsorption efficiency (%).

3.3 Interaction of the studied parameters

3.3.1 Effects of adsorption time and Fe (11)
ions concentrations on adsorption efficiency

Effects of adsorption time and Fe (II) ions
concentrations on adsorption efficiency at doses
(0.55 g per 100 mL solution) for glauconite and ka-
olin are given in Figure 1.

Adsorption (%)

Concentration (mg/L)

Cocentration (mg/L)

Time (min)
Figure 1. Effect of adsorption (t?r%e and Fe (1) concentration on
adsorption efficiency at dose = 0.55 g of glauconite (A) & kao-
lin (B).

The adsorption efficiency of Fe (11) onto glau-
conite and kaolin increased by increasing adsorp-
tion time at all the glauconite and kaolin doses
studied.

With addition 0.55 g of glauconite dose, the
adsorption efficiency increased from 60-70% to
100% with increasing adsorption time from 10 to 60
minutes at low Fe (Il) concentration of 10 mg/L
(Figure 1A). At high Fe (Il) concentration of 30
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mg/L and also with 0.55 g of glauconite dose, the
adsorption efficiency increased from 40-50% to
80-90% with increasing adsorption time from 10 to
60 minutes (Figure 1A). While, with addition of
0.55 g of kaolin, the adsorption efficiency increased
up to 30% with increasing adsorption time from 10
to 60 minutes and decreasing Fe (II) concentration
from 30 to 10 mg/L (Figure 1B).

3.3.2 Effects of adsorption time and glauco-
nite dose on adsorption efficiency

Effects of adsorption time and dose of glauco-
nite and kaolin on adsorption efficiency at Fe (II)
ions concentration (10 mg/L) are given in Figure 2.
The adsorption efficiency of Fe (II) onto glauconite
increases by increasing adsorption time.

Adsorption (%)

1

0.9 —

0.8 —]

0.7 —

0.6 —| 3
@
05 —|

Dose (g)
Lol I
\\

Dose (g)

0.4 —]

0.3 —]

Dose (g)
° 2
ol 1
\\

Dose (g)

Time (min)
(B
Figure 2. Effect of adsorption time and glauconite (A) & Kao-
lin (B) dose on adsorption efficiency at 10 mg/L concentration
of Fe (11).

The results reveal that with 0.1 g of glauconite
dose, the adsorption efficiency increases from
40-50% to 60—70% with increasing adsorption time
from 10 to 60 minutes at low Fe (I1) concentration
of 10 mg/L (Figure 2A).

However, at high glauconite dose of 1.0 g and
at low Fe (I1) concentration of 10 mg/L, the adsorp-
tion efficiency increased from 60-70% to about
100% with increasing adsorption time from 10 to 60

minutes (Figure 2A).

Whereas, the effect of interaction of two fac-
tors, the time of adsorption and kaolin dose on ad-
sorption efficiency at Fe (I1) ions concentration (10
mg/L) were shown in Figure 2B. It can be observed
that beyond the adsorption time of 10 minutes, the
adsorption efficiency increased slowly from 10 to
35% with increasing time of adsorption from 10 to
60 minutes and the dose of kaolin increasing from
0.1to 1.0 g (Figure 2B).

3.3.3 Effects of Fe (I1) ions concentrations
and kaolin doses on adsorption

Effects of Fe (1) ions concentrations and doses
of glauconite and kaolin on adsorption efficiency at

adsorption time (60 minutes) are given in Figure 3.
Adsorption (%)

Cocentration (mg/L)

(B)
Figure 3. Effect of Fe (I) concentration and glauconite (A) &
kaolin (B) dose on adsorption efficiency at the adsorption time
of 60 minutes.

These results reveal that, the adsorption effi-
ciency of Fe (I1) onto glauconite slightly decreased
with increasing ferrous ions concentrations. On the
other hand, the adsorption efficiency of Fe (II) onto
glauconite increased by increasing glauconite dose.
Moreover, at high adsorption time of 60 minutes
with 0.1 g of glauconite dose, the adsorption effi-
ciency decreased from 50-60% to about 40% with
increasing ferrous ions concentrations from 10 to 30
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mg/L (Figure 3A). However, at high glauconite
dose of 1.0 g and at the same adsorption time of 60
minutes, the adsorption efficiency decreased from
about 100% to 95-100% with increasing ferrous
ions concentration from 10 to 30 mg/L (Figure 3A).

However, the adsorption efficiency of kaolin
decreased from 35% to 5% with increasing concen-
tration of Fe (1) ions (Figure 3B).

All the experimental results of glauconite
have been plotted at the 3-D cube graph as shown in
Figure 4. From this cube, the highest adsorption
efficiency 99.4 % was obtained at high dose of
glauconite, low concentration of Fe (Il) and high
adsorption time. The lowest removal efficiency of
about 3.1 % was obtained at the lowest dose of
glauconite, the lowest time interval and at the high-
est concentration of Fe (11).

Cube
Adsorption (%)

39.2712 93.6087

B+: 30 3.13375 38.5212

5@

~E6.5212 993587 c+1

Concentration (mg/L)

e Dose (g)

B-: 10 34.0837 57.9712 C- 0.1

A 10 Time (min) A+: 60

Figure 4. 3-D plot for the results of Fe (I1) adsorption on glau-
conite.
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A-:10.00 ’ . A+:60.00
Time (min)

Figure 5. 3-D plot for the results of Fe (I1) adsorption on kao-
lin.

All experimental data of kaolin have been col-
lected at the 3-D cube as shown in Figure 5. This
cube shows that the highest adsorption efficiency
39.7 % can be obtained at high dose of kaolin, low
concentration of ferrous ions and with no signifi-
cance for adsorption time. At the lowest dose of
glauconite, the lowest time interval and at the high-

est concentration of ferrous ions the results show
high desorption on the surface of kaolin.

3.4 Surface morphology

SEM images with different levels of magnifi-
cation factor are taken for glauconite samples in
order to show the major features of the structure
sight of glauconite surface. Figures 6 shows the
SEM images for glauconite samples with the mag-
nification factor 10,000 and 25,000, respectively. It
is obvious that the high surface roughness increases
the surface area of adsorption.

Figure 6. SEM of glauconite with magnification factor
(1ax 10000 & 1b x 25000) and kaolin with magnifica-
tion factor (2a x 10000 & 2b x 25000).

4. Conclusion

Adsorption of ferrous ions on glauconite and
kaolin were studied. Statistical experimental design
of 3 variables and 3 levels is applied. The interac-
tions of all the adsorption parameters (adsorption
time, ferrous ions concentration and adsorbate dose)
and their effects on adsorption efficiency were dis-
cussed. All the experimental results have been plot-
ted at the 3-D cube graph. For glauconite, the re-
sults reveal that, the highest adsorption efficiency of
99.4% is achieved at high dose of glauconite, low
concentration of Fe (1) and high adsorption time.
The lowest removal efficiency of about 3.1% can be
obtained at the lowest dose of glauconite, the lowest
adsorption time and at the highest concentration of
Fe (I1). For kaolin, the results reveal that, the high-
est adsorption efficiency of 39.7% is achieved at the
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high dose of kaolin, low concentration of ferrous
ions and with no significance for adsorption time.

From economic point of view, using the lowest
glauconite dose and the highest adsorption time
with low ferrous ions concentrations gives 50% to
60% adsorption efficiency. So, multi-stage adsorp-
tion will be cost-effective. While for kaolin, it gives
low adsorption efficiency and there is no high sig-
nificant effect for iron removal compared to glau-
conite.
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