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ABSTRACT

The existence of excessive concentrations of iron and manganese in water results in economic,
technological and health problems. The adsorption characteristics of four clay minerals collected from
different localities of Saudi Arabia, Osfan (OS1 and OS2) and Gholaa (GH1 and GH2), on the adsorption
of Fe* and Mn™ ions were investigated. The quantitative phase composition of the selected samples
was calculated from their X-ray diffraction technique, while the chemical constitution was determined
through X-ray fluorescence technique. The adsorption of Fe* onto different clays was complied with
Langmuir isotherm (R* = 0.9996, 0.9956, 0.9840 and 0.9932, respectively). OS1 and OS2 (Q,__ = 6.872 and
8.258; 1/b = 0.315 and 0.296, respectively) have higher adsorption capacity than GH1 and GH2 Q... =
2.109 and 3.457; 1/b = 0.596 and 0.465, respectively). The adsorption of Fe* onto OS1, OS2, GH1 and GH2
clay minerals cannot be described by Freundlich isotherm model where R* = 0.831, 0.92, 0.70 and 0.52,
respectively. The mean adsorption energy recorded indicates that the sorption process is physisorption.

Keywords: Natural minerals; Adsorption; Heavy metals; Freundlich; Langmuir; Sorption capacity;
Water treatment

1. Introduction The World Health Organization (WHO) and the
Environmental Protection Agency (EPA) have set a standard
levels of 0.3 and 0.05 mg/L of iron and manganese, respec-
tively [7,8]. On the other hand, the European Union has
recommended the levels of 0.2 and 0.05 mg/L for iron and
manganese, respectively [9]. The existence of excessive con-
centrations of iron and manganese in water results in eco-
nomic, technological and health problems.

The technological problems include failure of water sup-
ply systems process and water quality decline. For example, in
the presence of somewhat high concentrations of oxygen, they
form undesirable dark sludge, which impacts the growth of fer-
ruginous and manganese bacteria on the walls of the pipes [10].

The occurrence of iron and manganese in natural water
can be attributed to the weathering of rocks and minerals
where the iron and manganese dissolved by the water pass-
ing through soil and rock enter groundwater supplies [1,2].
Moreover, iron and manganese are present in drinking water
due to anthropogenic sources, including acid mine drainage
[3] landfill leachates [4], industrial and sewage effluents [5],
and as a consequence of the corrosion of the metal pipes used
for transferring the drinking water [6].
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These bacteria change the water quality (smell), enhance the
corrosion of the pipes and gradually reduce the flow rate
through the pipes [11]. In addition, the excessive concentrations
of iron and manganese will result in metallic taste in water and
can cause staining of laundry, utensils, dishes, paper, plastics
and glassware [12,13]. Moreover, the color and flavor of food
and water can be affected by iron and manganese, because they
can react with tannins in coffee, tea and alcoholic beverages.

Health effects resulting from the chronic exposure to high
manganese include toxicity to the nervous system [14], leth-
argy, increased muscle tonus, tremor, mental disturbances
[15] and difficulties in both visual and verbal memory [16].

Iron and manganese often ordinarily exist in groundwa-
ter. Consequently, the iron and manganese treatment tech-
niques are closely connected [17]. Conventional techniques
of iron and manganese removal include chemical precipita-
tion, ion exchange, crystallization and electrochemical pro-
cess [18]. These techniques are based on the transformation
of iron and manganese into undissolved compounds. Then,
the undissolved compounds can be removed by one- or two-
stage separation [19]. Numerous treatment processes, such
as ozonation [20,21] and electric discharge [22,23], have been
employed for groundwater treatment. Yet, the costs of energy
consumption and operation and maintenance of the appa-
ratus limit the use of these processes. Natural minerals are
considered as perspective sorbents for different impurities
removal due to their widespread, cheapness and high sorp-
tion properties. On the other hand, granular activated car-
bon is often used to enhance the removal of Mn?** from water
[24-26]. However, the drawback is frequent regeneration or
new carbon replacement. The ion exchange characteristics of
clays have been extensively investigated [27]. Exchange type,
operating conditions and the metal being removed affect the
ion exchanger degree of preference for each metal ion [28].

In the current study, the ability of some clay minerals
from different localities of Saudi Arabia to eliminate iron and
manganese from aqueous solution has been investigated in a
batch process. Furthermore, the effect of contact time, initial
metal concentration and clay dosage on the adsorption char-
acteristics have been assessed. The adsorption isotherm and
thermodynamic parameters were deduced from adsorption
measurements.

2. Materials and methods
2.1. Raw materials (clay minerals)

Four raw material batches were taken from different
regions in Khulais Governorate, Saudi Arabia. Two batches
were taken from near Osfan and designated as OS1 and OS2,
and two batches were taken from Gholaa and designated as
GH1 and GH2.

2.2. Chemicals

All chemicals used throughout the experimental works
were of analytical grade provided by Merck (Darmstadt,
Germany). Iron and manganese salt used in the preparation
of the synthetic metal bearing stock solution (1,000 mg/L)
were Fe(50,),NH,-12H,O and KMnO,. The working solutions
were prepared by diluting the stock solutions. Deionized

water was used throughout the experimental work. Standard
solutions of Fe** and Mn”* (1,000 mg/L) for atomic absorption
spectrophotometer were obtained from Merck, Germany.

2.3. Processing of the raw materials

The individual rocks were manually crushed to reach
grain size of approximately 5-10 mm in diameter. The crushed
briquettes were ground in a high-speed, shimmy sintered
alumina ball mill (MTI Corporation, USA) with sintered alu-
mina balls as grinding medium. The grinded samples were
sieved through a 75-micron standard sieve; the residues were
returned to the ball mill for further milling until the sample
completely passed through the sieve. Representative sam-
ples of 50 g of each sample, through quartering process, were
taken to represent the mother batch.

2.4. Investigation of the raw samples

The representative samples of the processed raw materials
were investigated for their mineralogical compositions using
X-ray diffraction (XRD) technique (A Phillips PW 1710 diffrac-
tometer with Ni filtered Cu-KaX-radiation operating at 30 mA
and 40 kV). Based on the phase composition results, four sam-
ples were selected for further investigation. Quantitative phase
compositions were calculated from the XRD patterns. Chemical
analysis was determined using Philips PW 1480 wavelength
dispersive X-ray fluorescence (XRF) spectrometer. Scanning
electron microscope (SEM; A Philips XL30 scanning electron
microscope attached with energy-dispersive X-ray [EDX] unit
with accelerating voltage 30 kV and magnification up to 20.000x)
was used to study the morphology of one selected sample.

2.5. Batch adsorption studies

The batch adsorption studies were carried out at room
temperature (25°C # 0.1°C) by contacting the clay with metal
ions in 250 mL stopper conical flasks. The samples were shook
at 120 rpm using mechanical shaker and filtered, and the Fe**
and Mn”" concentration was measured in the filtrate. To differ-
entiate between possible metal precipitation and actual metal
sorption, control (blank) was used without clay materials. All
the experiments were carried out in triplicate, and the mean
of the quantitative results were reported and used for further
calculations. Standard deviation of results was calculated, and
if its value was greater than 5%, the data were neglected.

The concentration of Fe** and Mn’ in all samples was
determined according to the American Public Health
Association (APHA) method [29] using atomic absorption
spectrophotometer (Agilent SpectrAA 220, USA) with deu-
terium arc background corrector. The accuracy and precision
of iron measurement were confirmed using National Institute
of Standards and Technology (NIST) certified standard refer-
ence material (SRM) 1643e trace elements in water.

2.5.1. Effect of contact time

The effect of contact time was carried out by conducting
batch adsorption experiments with Fe’* and Mn” concentra-
tions of 20 mg/L, 0.4 g/L clay and at different time intervals
(10, 30, 50, 70, 90 and 120 min).
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2.5.2. Effect of adsorbent dosage

The adsorbents dosage was varied from 0.05 to 0.5 g
using a fixed volume of 100 mL of 20 mg/L of metal solution
at equilibration time and natural pH (3.35 and 3.44 for Fe*
and Mn”*, respectively).

2.5.3. Adsorption isotherms

Isotherms were measured by varying the initial metal
ion concentrations at the optimum conditions. Different
adsorption models were used for comparison with exper-
imental data such as Langmuir, Freundlich and Dubinin—
Radushkevich (D-R) [30].

Langmuir isotherm relationship is given as:

C,/C,=1/Q,+C,/Q 1)

where C, (mg/L) is the concentration of metal in solution at
equilibrium; C , (mg/g) is the amount of metal sorbed per
unit mass of adsorbent; and Q (mg/g) and b are Langmuir
constants related to mono layer capacity sorption and sorp-
tion energy, respectively.

Linear Freundlich isotherm relationship is given as:

logq, =logK, +1/nlogC, 2

where K, and n are the Freundlich constants and are related
to the ac{sorption capacity of the sorbent and the adsorption
intensity.

The linearized D-R isotherm equation can be written
as:

Ing, =InX, —B&* 3)

where g, is the amount of metal ions adsorbed per unit mass
of adsorbent (mol/g); X, is the maximum sorption capacity;
B is the activity coefficient related to mean sorption energy;
and e is the Polanyi potential, which is:
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where R is the gas constant (J/mol K), and T is the tempera-
ture (K). The saturation limit X may represent the total
specific micro pore volume of the sorbent.

The sorption energy can also be calculated using the
following equation:

E=—— )

3. Results and discussions
3.1. Phase and chemical compositions
3.1.1. Quantitative phase composition

Table 1 shows the quantitative phase composition of the
studied samples calculated from their XRD patterns. OS1 and
OS2 are composed mainly of albite (56.0% and 63.5%, respec-
tively) while GH2 contains the lowest proportion of albite
(18.6%) among the four investigated samples. Kaolinite,
quartz, albite and tremolite (in comparable proportions) are
the main phases constitute GH2 sample. OS2 contains con-
siderable comparable contents of chlorite (13.8%) and tremo-
lite (13.6%) with relatively lower content of chamosite (9.1%).
OS1 contains considerable content of chamosite (17.6%), lit-
tle contents of quartz (6.3%) and biotite (4.2%) in addition to
very little content of hematite (1.7%).

3.1.2. Chemical constitution

Table 2 displays the chemical constitution of the studied
clays as determined by XRF technique.

The results show that the samples composed mainly of
silica (SiO, = 47%-56%) and alumina (ALO, = 14%-17%).
They also contain considerable amounts of iron oxide (Fe,O,
= 10%-17%), sodium oxide (Na,O = 10%-17%), calcia (CaO =
1%-5%), magnesium oxide (MgO = 3%-8%), potassium oxide
(K,0=0.5%—-1.5%) and titania (TiO, = 1%-1.5%) in addition to
little contents of other impurities that do not exceed together
~2%. The loss on ignition ranges between 2.4% and 3.8%.

The results also indicate that GH2 contains the highest

e=RTIn(1+1/C,) (4)  proportion of silica (56.653%) followed by OS1 (51.082%),
Table 1
Phase percentage of the studied clays
Phase wt%
OS1 0S2 GHI1 GH2
Albite (NaAlSiO,) 56.0 63.5 85.4 18.6
Quartz (Si0,) 6.3 - - 222
Chlorite (Mg,Si,O, (OH),) 14.2 13.8 8.8 11.6
Chamosite (Fe,5i,0,(OH),) 17.6 9.1 - -
Tremolite (Na,, Ca, Mg, Fe Al Si O, (OH),) - 13.6 5.8 17.8
Biotite (H,K,Mg AlSi,O,) 4.2 - - -
Hematite (Fe,0,) 1.7 - - -
Kaolinite (ALSi,O, (OH),) - - - 23.8
Ilite (KALSi,AlO, (OH),) - - - 5.1
- - 0.8

Anatase (TiO,) -
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Table 2
Chemical compositions of the studied clay samples

Constituents OS1 OS2 GH1 GH2
(Wt%)

Na,O 4.015 5.624 4.328 3.127
MgO 8.550 5.756 4.864 3.642
ALO, 17.008 15.571 14.009 14.367
SiO, 51.082 49.811 47.080 56.653
PO, 0.456 0.317 0.379 0.320
SO, 0.099 0.037 0.100 0.026
K,0 1.879 0.493 0.540 1.288
CaO 1.400 3.757 4.183 5.991
TiO, 1.394 1.207 1.454 0.974
Cr,0, 0.016 - - 0.019
MnO 0.335 0.477 0.674 0.263
Fe,O, 10.406 13.577 17.813 10.120
Co,0, 0.024 0.030 0.033 0.033
NiO - - - 0.020
CuO 0.013 0.016 0.029 0.019
ZnO 0.033 0.043 0.069 0.029
Rb,0 - - - 0.004
SrO 0.023 0.018 0.028 0.095
ZrO, 0.071 0.021 0.039 0.022
BaO 0.047 0.024 0.023 0.044
F 0.204 0.451 0.380 0.497
Cl 0.450 0.700 0.174 0.048
L.O.I 2.900 2.700 3.800 2.400

while samples OS2 and GH1 contain relatively lower propor-
tions of silica (49.811% and 47.080%). On the other hand, OS1
sample contains the highest proportion of alumina (17.008%)
followed by OS2 sample (15.571%) while GH1 and GH2 con-
tain relatively lower proportions of alumina (14.009% and
14.367%). These results are in a good agreement with the
quantitative phase compositions (see Table 1). All the sam-
ples contain different amounts of albite resulting from the
combination between sodium oxide, aluminum oxide and
silicon oxide. Albite is the main constituent of OS1, OS2 and
GH1 while its content is relatively lower in GH2. The sam-
ple GH2 contains a relatively higher content of quartz (22%)
and kaolinite (23%) (Table 1); this is confirmed by the highest
percentage of silicon oxide content in this sample (56.653%,
Table 2). The relatively higher contents of iron oxide in the
four samples verify the presence of iron containing miner-
als, e.g., hematite, chamosite or tremolite. The presence of
considerable quantities of magnesium oxide in the four sam-
ples is an indication of the presence of magnesium contain-
ing minerals namely chlorite, biotite and tremolite while the
presence of calcium oxide and potassium oxide is related to
the existence of tremolite and illite minerals, respectively.

3.2. Effect of adsorbent dosage

The percentage of removal of Mn™ by the clays under
study was very low, even at the highest dosage of the adsor-
bent (0.5 g/100 mL), where the highest removal percentage

100 -
90 4
80 -
70 A
60 -
50 -
40 -

Removal %

30 4
20 A
10 1

0 0.1 0.2 0.3 0.4 0.5

Dosage (g)

Fig. 1. Effect of clay dosage on the removal of Fe** from aqueous
solution (C, = 20 mg/L, contact time 10 min for OS1 and OS2,
70 min for GH1 and GH2, at 24°C).

recorded was 35.4 at 120 min for OS2 (data not shown). The
effect of the adsorbent dosage on the removal of Fe** is shown
in Fig. 1.

At lower clay dosage (0.05-0.3 g/100 mL) of OS1 and
OS2, the curves have a relatively high slope, while at higher
dosage the slope was relatively low with obvious plateau. In
other words, at lower clay dosage, the removal percentage
increases greatly with increasing the dosage. While at high
dosage the removal percentage slightly increased.

The highest removal percentage recorded for OS1 GH1
and GH2 was 83.3, 60.4 and 67.75 at 0.5 g/100 mL, réspec-
tively. While the highest removal percentage recorded for
the OS2 was 99.78 at 0.4 g/100 mL, yet, the recorded removal
percentage for the OS2 at 0.3 g/100 mL was 97.87.

The adsorption of Fe’ ions increased with increasing the
clay dosage due to increasing the clay surface area available
for binding to Fe** ions. While in case of Mn* ions, there is no
significant change even by increasing the adsorbent amount
up to 1.2 g/100 mL. The higher adsorption affinity of the clay
minerals toward Fe* might be due to: (a) the bigger ionic
radius of Fe** compared with Mn” and/or (b) the higher elec-
tronegativity of Fe compared with Mn”". The bigger atomic
radius of Fe* diminishes its hydration capacity, consequently,
weakens the binding of Fe’* and water phase, and strength-
ens the adsorption of Fe* on the clay. Similar pattern have
been reported beforehand [31]. On the other hand, it has been
reported that the adsorption affinity increases with increas-
ing the electronegativity [32].

3.3. Effect of contact time

Fig. 2 displays the effect of contact time on the adsorption
of Mn” by different mineral clays. The adsorption of Mn”* on
all mineral clays (OS1, OS2, GH1 and GH?2) is weak where
the maximum removal percentages recorded were 35.0, 35.4,
27.33 and 26.8, respectively. The maximum removal percent-
ages were at 50 min for all clays except OS2 was at 120 min.

The effect of contact time on the adsorption of Fe* by
different adsorbent clays is shown in Fig. 3. The adsorption
of both OS1 and OS2 was rapid, and the equilibrium was
reached at the first 10 min, where the removal percentage
recorded 91 and 100, respectively. Whereas for GH1 and GH2,
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Fig. 2. Effect of contact time on Mn’" removal by clay minerals (C,=

the removal percentage was increased gradually from 37.8
and 36.7 at 10 min to 78.66 and 80.12 at 120 min, respectively.

The abovementioned results indicated that the clays OS1
and OS2 have a strong ability to bind Fe* in shorter time than
GH1 and GH2, and can be used for removal of iron from
water. The albite content was 56%, 63.5%, 85.4% and 18.6%
for OS1, OS2, GH1 and GH2, respectively (Table 1). Sample
GH1 with the highest content of albite 85% showed the low-
est affinity toward Fe®. The strong ability of OS1and OS2 to
bind Fe* cannot be explained in terms of chemical compo-
sition because the four samples composed mainly of albite
with small contents of different minerals. The high affinity
of samples OS2 and OS1 toward Fe®* might be related to the
type and size of pores formed due to the dissolution of some
impurities in aqueous solution during the treatment process.

3.4. Equilibrium studies and isotherm modeling

The adsorption isotherms were modeled by Langmuir,
Freundlich and D-R equations. The Freundlich and Langmuir
are the most commonly applied models to depict the rela-
tionship between equilibrium adsorption capacity (g, mg/g)
and final concentrations (C, mg/L) at equilibrium [33]. The
D-R model was applied to expect the nature of adsorption
processes as physical or chemical [34]. The equilibrium stud-
ies and isotherm modeling in the current study focused on
Fe* adsorption rather than Mn" because Fe* showed higher
adsorption than Mn™".
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20 mg/L, 0.3 g clay, at 24°C).

3.4.1. Langmuir isotherm

Langmuir model suggests that sorption takes place
homogenously on the active site of the adsorbent, and once an
adsorbate occupies a site, no more adsorption occurs on this
site [35]. The Langmuir parameters, b and Q_ _, give informa-
tion about the affinity and uptake capacity of the adsorbent.
Ahigh value of Q__ and b means that the adsorbent has high
adsorption capacity and that the affinity between the adsor-
bent and adsorbate is high, respectively [36].

Fig. 4 and Table 3 show that the adsorption of Fe** onto dif-
ferent clays (OS1, OS2, GH1 and GH2) obeyed Langmuir iso-
therm (R?=0.9996, 0.9956, 0.9840 and 0.9932, respectively). Also,
the OS1 and OS2 (Q_ = 6.872 and 8.258, respectively) have
higher adsorption capacity than GH1 and GH2 (Q_ = 2.109
and 3.457, respectively). Moreover, the affinity between the
Fe** and the OS1 and OS2 (1/b = 0.315 and 0.296, respectively)
is higher than that of the GH1 and GH2 (1/b = 0.596 and 0.465,
respectively). These results proved that OS1 and OS2 are prom-
ising adsorbents for the removal of Fe* from aqueous solutions.

3.4.2. Freundlich isotherm

Likewise to Langmuir, the values of the Freundlich
parameters (K, and 1) give information about the adsorption
capacity and the affinity between the adsorbent and adsor-
bate [37]. A high value of K and #n means that the adsorbent
have high adsorption capacity and that the affinity between
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Fig. 3. Effect of contact time on Fe** removal by clay minerals (C, =20 mg/L, 0.3 g clay, 24°C).
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Fig. 4. Langmuir model for the adsorption of Fe* by clay min-
erals (clay dosage: 0.3 g/100 mL, contact time 120 min, at 24°C).

the adsorbent and adsorbate is high, respectively. According
to Table 3, the R? (0.831, 0.92, 0.70 and 0.52) values indicated
that Freundlich model cannot describe the adsorption of Fe**
into clay minerals.

3.4.3. D-R isotherms

Unlike Freundlich and Langmuir models, the value of the
D-R model parameter (mean free energy of adsorption [E])

gives information about the nature of adsorption processes
as physical or chemical. The data illustrated in Table 4 rep-
resents the D-R plot of the adsorption of Fe** onto different
clays. The positive values of E indicated that the adsorption
of Fe’* into the clay is endothermic and that higher solution
temperature will favor the adsorption process [38]. The mean
adsorption energy recorded was 17.9374, 20.6550, 17.0800
and 17.1340 kJ/mol for OS1, OS2, GH1 and GH2 clays, respec-
tively (Table 4). The clay samples have adsorption ener-
gies <40 kJ/mol, which indicate that the sorption process is
physisorption [39,40].

4. Conclusions

The current study investigated the ability of some min-
erals clays collected from Saudi Arabia to remove iron and
manganese ions from aqueous solution. The results showed
that the Fe* ions were more adsorbed than Mn” ions on
the minerals clays under investigation (OS1, OS2, GH1 and
GH2), and the maximum removal percentages recorded were
35.0, 35.4, 27.33 and 26.8, for Mn”*, while for Fe** were 91, 100,
78.66 and 80.12, respectively.

The OS1 and OS2 have a higher affinity toward Fe* ions
than GH1 and GH2. The adsorption data were perfectly
described by Langmuir adsorption isotherm indicating a for-
mation of monolayer adsorption of Fe** ions on clay samples.
The maximum adsorption capacity was 6.872, 8.258, 2.109
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Summary of isotherm model parameters for clay minerals adsorbents
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Clay Freundlich model Langmuir model
K, 1/n R? Q... (mg/g) 1/b R?
GH1 1.4105 0.1258 0.8312 2.109 0.596 0.9840
GH2 1.9502 0.2029 0.9246 3.457 0.465 0.9932
0OSs1 5.7557 0.0503 0.7031 6.872 0.315 0.9996
0Ss2 7.1845 0.0345 0.5203 8.258 0.296 0.9956
Table 4 [8] WHO, Guidelines for Drinking-water Quality, 3rd ed., World

Summary of D-R model parameters for the removal of Fe**

Clay X, § Sorption energy
(mol/g) (mol%/j?) (E, KJ/mol)

GH1 7.833x10° -0.1713x10°  17.0800

GH2 7.1087 x10°  -0.1703 x 10 17.1340

0Os1 2.391x10* -0.1554 x10®  17.9374

0s2 2538 x10*  -0.1172 x10®*  20.6550

and 3.457 mg/g for OS1, OS2, GH1 and GH2, respectively, as
calculated from Langmuir isotherm model. The adsorption
of Fe¥* to clay samples follows the order OS2 > OS1 > GH2
> GHI1. The D-R model indicated that the adsorption takes
place physically and the sorption energy was in the order
0S2 > OS1 > GH2 > GH1 supporting the Langmuir isotherm
model. A further deep study is in needed to explain this order
and high affinity of Osfan samples toward Fe* ions.
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