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Kinetic Investigation of the Removal of
Aluminum from Water Samples by
Adsorption Onto Powdered Marble Wastes

S. E. Ghazy, S. E. Samra, A. M. Mahdy, and S. M. El-Morsey
Chemistry Department, Faculty of Science, Mansoura University,
Mansoura, Egypt

Abstract: Batch adsorption experiments were conducted in the laboratory, aiming to
the removal of aluminum from aqueous solutions onto powdered marble wastes
(PMW) as an effective inorganic sorbent, which is inexpensive, widespread, and
may represent an environmental problem. The main parameters (i.e., initial solution
pH, sorbent and AI’" ions concentrations, stirring times and temperature) influencing
the sorption process in addition to the effect of some foreign ions was examined. The
results obtained revealed that the sorption of AI*™ ions onto PMW is endothermic in
nature and followed first-order kinetics. The adsorption data were well described by
the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) adsorption models over
the concentration range studied. Under the optimum experimental conditions
employed, the removal of ca. 100% of AlI*Tions was attained. The procedure was suc-
cessfully applied to the removal of aluminum from aqueous and different natural water
samples with an RSD (%), does not exceed 2.12%. Moreover, the adsorption
mechanism is suggested.

Keywords: Aluminum, sorption, powdered marble wastes, natural waters

INTRODUCTION

Rapid industrialization has led to an increased disposal of toxic metals and
radio-nuclides into the environment. The concentrations of toxic metals in
wastewater are normally much higher than standards set by environmental
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agencies and therefore might endanger public health and the ecosystem if they
are discharged without proper treatment (1-3).

Aluminum is an abundant metal in the earth’s crust; in the industrialized
world the metal is second only to iron in its usage, and its compounds can jus-
tifiably be said to touch our lives daily (4). Because aluminum salts are still
used as flocculating agents in potable water treatment units (5), there is a
strong need for aluminum monitoring in treated and raw waters (6). It is
now well known that this metal is harmful to several organisms, such as fish
(7, 8), zoo-plankton (9, 10), algae (11), and plants (12). Moreover, there are
potential health risks associated with the intake of dissolved aluminum
which play an active role in the development and advancement of senile
dementia of Alzheimer type (13—15), renal insufficiency, pulmonary
fibrosis, microcytic anemia, and disturbances of sleeping (16). Owing to
these potential risks, European Community legislation on the quality of
water for human consumption sets a MAC (maximum admissible concen-
tration) level of 200 wg-L™" and guideline level, around which Member
States should set their quality standards, of 50 wg-L ™" (17). Therefore, the
removal of this metal from natural and wastewater is a vital process.

Different physicochemical methods used for the removal of metal ions
from wastewater include precipitation, coagulation, reduction, ion
exchange, membrane processes (such as ultrafiltration, electrodialysis, and
reverse osmosis) and adsorption (18). Of these, adsorption onto activated
carbon has proved to be a very effective technique in this concern owing to
its high efficiency and removal capacity (19-22). However, the high capital
and regeneration costs of activated carbon limit its use in adsorption.
Therefore, a search for a low-cost and easily available adsorbent has led to
the investigation of materials of agricultural and biological origin, along
with industrial by-products, as potential metal sorbents.

Large amounts of marble are produced in some countries, such as the
United States, Italy, Greece, Egypt, and others. The by-product generated
from marble processing is a powdered dust and may represent an environ-
mental problem. Hence, the objective of the present work was to study the
possibility of utilizing PMW (which is naturally occurring or readily
available and cheap) as a sorbent for removing aluminum ions from
aqueous solutions and natural waters. The different parameters influencing
the adsorption of aluminum ions onto powdered marble wastes were
optimized and the results are presented in this paper.

EXPERIMENTAL
Samples

The PMW samples used in this study were obtained, free of charge, from the
dust of some private marble processing workshops located in Mansoura City.
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The samples were sieved and those with a mean size of ca. 12 um were used in
the experiments. Chemical analysis showed that the samples contained 60%
calcite (CaCO;3) and 6% dolomite (MgCOs3), with the remainder being
composed of common constituents such as quartz, feldspar, clays, pyrite,
and siderite (23). The samples were dried for 2h in large trays in an oven
maintained at 125°C, allowed to cool to room temperature, and then packed
into stoppered bottles and stored in a desiccator for future use.

Reagents

All the solutions were prepared from certified reagent grade chemi-
cals. Aluminum stock solution (lmg/mL) was prepared from
(AIK(SOy),) - 12H,0 (BDH Ltd, Poole, England) by dissolving 17.59 g in
doubly distilled water containing 5 mL of concentrated H,SO,, and diluting
to 1 L. Further dilutions were prepared daily as required. Chrome Azurol S
(CAS) and 1% ascorbic acid were freshly prepared. Aqueous solutions of
HCI and NaOH were used for pH adjustments.

Apparatus

Spectrophotometric measurements were carried out using a Unicam UV2-100
UV/Visible Spectrophotometer v3.32 with 1cm glass cells. Sometimes the
data were recorded using a Griffin Model 40 Colorimeter. The infrared
analyses were undertaken via a Mattson 5000 FT-IR spectrophotometer
using the KBr disc method. The stirring of solutions was performed with a
magnetic stirrer Model VEHP, Sientifica, Italy. The pH was measured using
Jeanway 3310 pH meter.

Procedure

Unless stated otherwise, all batch sorption experiments were conducted at
room temperature (ca. 25°C). Known volumes of aluminum solutions with
concentrations ranging from 1.35 to 11.0mg/1 were pipetted into quick-fit
glass bottles containing 0.1 g of PMW sorbent in 100 mL aqueous solution.
Since the pH of any of the resulting solutions was ca. 7.0, no further control
was necessary since it was suitable for most adsorption experiments. The
resulting solutions were then stirred with a magnetic stirrer at 200 rpm and
the samples were taken at fixed time periods (1, 2, 3, 4, 5, 10, 15, 20, 25,
30, 35,..., and 90min) in order to study the kinetics of the adsorption
process. In other studies, equilibrium was attained after stirring for known
time (ca. 25 min). Preliminary experiments showed that this time length was
sufficient for adsorption of Al(IIT) onto PMW. The samples were subsequently
filtered and the residual AI>" ion content in the filtrate was analyzed using
CAS at 545 nm.
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The percentage adsorption of A" ions from the solution was calculated
from the relationship

% Adsorption = (C; — C,)/C; x 100 (1)

where C; corresponds to the initial concentration of AP’" ions and C, is the
residual concentration after equilibration. The metal uptake q (mg/g) was
calculated as

q=[(C —C)/m]-V 2

where m is the quantity of adsorbent (mg) and V the volume of the
suspension (mL).

To asses the applicability of the procedure, another series of experiments
was conducted on 1L suspensions of clear and prefiltered natural water
samples with an initial pH adjusted to 7. These suspensions were placed in
a 2L glass beaker containing 1.575 or 2.985 mg AI*" ions and 100 mg-L ™"
of PMW at 25°C and stirred magnetically for 10 min at 200 rpm.

RESULTS AND DISCUSSION
Kinetics of the Adsorption Process

Figure 1 shows the variation in the percentage adsorption (removal) of
aluminum ions onto PMW sorbent with stirring time, at various initial metal
ion concentrations. The data depicted in this figure indicate that the adsorption
of aluminum ions was quite rapid in the first stage, which may suggest that

100 § *® t/ﬂ LH .
—_ 80 /n/:
=
= [AI'], mgll
ke 60 —n—1.35
o —o— 2.7
5= —v—54
< —x— 6,75
20 —e— 8.1
—o0—10.8
O L 1 1 1 n 1
0 20 40 60 80

8tirring time,(min)

Figure 1. Influence of stirring time on the adsorption of various concentrations of
APPT ions by PMW (100mg-L ") at pH 7.
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adsorption occurred mainly at the surface of the solid waste and to some extent
by the internal pores (24, 25). However, with the passage of time, the rate of
adsorption decreased and ultimately reached a constant value (equilibrium
time). The slow adsorption may be due to the diffusion of aluminum ions
into the pores of solid waste (25, 26). The time necessary to reach such adsorp-
tion equilibrium was found to be 5min for initial concentrations of 1 and
3mg-L~"AI*" ions, 25 min for those of 4 and 8mg-L ™' AI*" jons and
70 min for those having more than 10 mg - L' of aluminum ions. Hence, to
ensure that adsorption had reached equilibrium in all cases, a stirring time
of 70 min was chosen for all samples studied. The results also indicate that
the percentage removal of metal ion from the solution decreases with increas-
ing initial metal ion concentration. This can be explained by a decrease in the
number of adsorption sites having an affinity toward AI*" ions.

An interesting series of experiments was carried out to evaluate the effect
of soaking time (i.e., without stirring) on the removal rate of 2.7, 5.4, 6.75, and
8.1mg-L™" of AI’" ions using 100mg-L~" of PMW sorbent. The results
obtained revealed that a maximum removal rate of AI>* ions (ca. 100%)
was attained after soaking for > 60 min. These results may be useful from
economic viewpoints of industrial wastewater treatment.

When the results depicted in Fig. 1 were re-plotted against the square root
of the stirring time, linear correlations were obtained (Fig. 2) which may
verify the Morris-Weber equation (27):

X = Kq(t)'/? (3)

where X is the amount of AI*" ions adsorbed (g /g). This indicates that an
intra-pore diffusion mechanism was involved in adsorption of AI>" ions by

0.12

010

0.08

0.06 -

0.04 |-

Amount adsorbed (g/g)

0.02

0 2 4 6 8
tuz, (min)ﬂz

Figure 2. Plot of the amount of AI*" ions adsorbed onto PMW (100 mg-L™") vs.
square root of time at pH 7.
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PMW (Fig. 1). Figure 2 shows that two distinct regions were observed: an
initial linear portion which is due to the boundary layer diffusion effect (28)
and a second portion which is due to the intraparticle diffusion effect (29).
The value of the rate constant for intra-pore diffusion Ky was evaluated as
1.03 x 1072 (g/gmin ).

Again the kinetic data (Fig. 1) of the adsorption of AI** ions by PMW was
checked by the Bangham equation (30):

Loglog[C,/(C, — XW)] = log(K,W/2.303V) + a log t €))]

where X and V have been defined above, C, is the initial concentration of AIPT
ions (pg/mL), W is the amount of PMW (g), t is the time (min), « is the
Bangham equation constant (its value usually < 1) and K,, is a proportionality
constant. Plot of log log [C,/(C, — XW)] vs. log t gives a straight line (Fig. 3).
These results show that the diffusion of AI’" jons into the pores of PMW
played an important role in the adsorption process. These results were
similar to those described elsewhere (26, 31). The values of « and K,
deduced were 0.355 and 0.22, respectively.

The kinetic data obtained in Fig. 1 for AI** ion adsorption onto PMW
were tested by lagergren equation, as cited by Gupta and Shukla (32):

Log(X. — X) —logX, = —K,45t/2.303 5)

where X_ is the amount of AI>™ jons adsorbed at equilibrium (g/g), Kags, is the
first-order rate constant for AI>" jons adsorption onto PMW (min "), while X
and t have been defined previously. The linear plots of log (X, — X) vs. t
obtained (Fig. 4) show the appropriateness of the above equation and

1
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loglog[C /(C ~XW)]
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Figure 3. Plot of log log[C,/(C, — XW)] vs. log t for the adsorption of AT ions
(2.7mg-L™" by PMW (100mg-L™") at pH 7.
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Figure 4. Plot of log (X, — X) vs. stirring time for AI’* jon adsorption onto PMW.

consequently the first-order nature of the process involved. The value calcu-
lated of K,4, was 0.0795 min~ L.

Effect of Initial pH Value

The influence of the variation of initial suspension pH, which affects signifi-
cantly the A’ ions adsorption by PMW, was studied. The sorption of
trivalent aluminum by PMW is also influenced by the surface properties of
the sorbent and aluminum species present in aqueous solution.

In order to find the optimal pH value for the sorption process, the removal
efficiency of AI**" ions in the pH range 3—10 was investigated and the data are
depicted in Fig. 5. It should be noted that the removal of AI** jons was dimin-
ished at pH < 3 which may be attributed to the solubility of PMW sorbent
used (consists mainly of CaCO5; and MgCQO3), thereby hindering the adsorp-
tion of A’ species. Moreover, at pH values > 4, the removal efficiency
begins to increase, reaching a maximum value (ca. 100%) over the pH
range 5-9 followed by a decrease.

The low removal of AI*" jons at pH values < 5 may be attributed to a
possible ion—exchange mechanism between aluminum and the calcium con-
taining PMW in a similar manner to that reported (33) and/or adsorption of
the hydrolytic species of AI’" ions such as AI(OH),>" AI(OH)3, and poly-
nuclear complexes (7), Al (OH)S" ™+ The ion-exchange mechanism was
confirmed experimentally where the concentration of Ca®" ions increases in
the solution after equilibration. Moreover, IR analysis of PMW sorbent
indicated the appearance of a band at 1449—1492cm™' assigned to
carbonate (34), which is shifted to a sharp absorption band at 1425cm ™'
upon addition of AI*" ions confirming the formation of aluminum carbonate.
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Figure 5. Removal of A" jons (2.7mg-L™~") by PMW (100mg-L~") versus pH.

The enhanced removal of metal ions as the solution pH is increased (more
than 5) can be attributed to adsorption of hydrolysis products (35—37) and/or
surface precipitation of the metal as colloidal insoluble hydroxides, AI(OH);
(s), forming successive layers on the sorbent surface (38). The precipitation of
aluminum hydroxide was also checked by IR analysis of the system Al-PMW,
where a broad absorption band appeared at 3426 cm ™', which is assigned to
the hydroxide of AI(OH); (34).

The decrease in the removal rate at high pH values > 9 may be attributed
to the fact that the negative species of aluminum, AI(OH), , formed in alkaline
pH values (7) are not capable of combination with the negative surface of
PMW, since the pH of its suspension was always increased after stirring
the PMW powder for some time when the system was not buffered. The
initial pH values were taken only into consideration (not final pH values),
since they remained constant at the recommended stirring time (less than
25 min). Therefore, pH 7 was recommended throughout all other experiments.

Effect of the Amount of Adsorbent

An extensive series of experiments was conducted to study the effect of the
amount of PMW as the adsorbent at different stirring times on the adsorption
of AI** ions from aqueous solutions. The results depicted in Fig. 6, show that
the adsorption efficiency increases as the amount of PMW increases and
reaches a maximum value (ca. 100%) at> 100mg-L_1 of PMW.
Moreover, there is a decrease in stirring time with the increase in the
sorbent dose. This may be attributed to an increase in the number of
binding sites on the adsorbent available to the metal ions. Therefore,
100mg-L™" of PMW were fixed for further experiments.
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Figure 6. Relationship between adsorption of A’ ions (2.7mg-L~") and PMW
concentrations at pH 7 and various stirring times.

Effect of Metal Ion Concentration

Figure 7 shows the effect of varying aluminum ion concentration at different
temperatures on the adsorption process. The results obtained indicated that the
adsorption of AI*™ ions was almost constant (~100%) up to 8mg-L ™" of
aluminum, beyond which the adsorption decreases. This may be explained
in terms of relatively smaller number of active sites available at higher con-
centrations of aluminum.

Moreover, the effect of varying the temperature from 5° to 80°C on the
adsorption efficiency of various concentrations of aluminum is shown in

100
— 80F
3
G
= 60F
o
e
=]
<
2 4o
20 —e—10°C
A soc A
L 1 I 1 I 1 n
0 2 4 8 10 12

6
[AI],mg/l

Figure 7. Adsorption of different concentrations of AI>™ ion by PMW (100 mg-L™")
at various temperatures.
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Fig. 7. Close inspection of the figure shows that the adsorption efficiency
increased as the temperature of the system increased. Such results may
either be attributed to the creation of some new active sites on the
adsorbent or to the acceleration of some originally slow adsorption steps.
The enhancement of mobility of AI** jons from the bulk solution toward
the adsorbent surface should also be taken into consideration. This agrees
well with the literature data (25, 39).

Such results could suggest that the adsorption of AI’T ions involve
chemical bond formation and ion exchange (25). Accordingly, chelate
formation may occur between AI’" jons and oxygen atoms on the marble
surface together with ion exchange between AI’" jons and Ca®*" ions
present in CaCO; (one of the constituents of marble). Since most industrial
effluents are usually hot, the simple adsorption procedure presented here
may find application in industrial wastewater treatment for the removal of
A’T jons.

Adsorption Isotherms

To determine the capacity of PMW as sorbent for AI’" ions, three isotherm
equations, i.e., Freundlich, Langmuir, and Dubinin-Radushkevich equations,
were utilized. The linearized form of the Freundlich equation may be
written as

Ingq. =InKg+ 1/nlnC, 6)

where . (mg/g) is the amount of A" ion adsorbed, C. (mg/1) is its final
equilibrium concentration, and n and Kg are the Freundlich equation para-
meters. This equation was applied to the experimental data depicted in
Fig. 1 with a linear plot being obtained when In q. was plotted against In C,
(Fig. 8). This demonstrates the applicability of the Freundlich model to
aluminum adsorption onto PMW. The parameters Kr and n for the adsorption
of AI’" ions were calculated from the intercept and slope of the plot depicted
in Fig. 8 giving values of 38.23 and 2.33, respectively, with a correlation
coefficient (r) of 0.99987. Favorable adsorption of aluminum ions by PMW
was demonstrated by the fact that the value of n is greater than unity (26, 40).

The linear form of the Langmuir equation applied to the aluminum ion
adsorption data in Fig. 1 was

1/g. = (1/Krb) - 1/C. + 1/Ky (7

where K (mg/g) is the Langmuir constant and b (mL/mg) is the monolayer
adsorption capacity. Figure 9 showed that a plot of 1/q. vs. 1/C. gave a
straight line and thereby suggesting the applicability of the Langmuir
model. This also demonstrated that monolayer coverage of aluminum ions
occurs on the outer surface of PMW (26, 41). The values of K;, b and the
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Figure 8. Freundlich plot for A>T jon adsorption onto PMW (100mg-L ™).

correlation coefficient (r) were 102.145mg/g, 0.5326 mL/mg, and 0.9998,
respectively.

The Gibbs free energy change, AG (kJ/mol), for adsorption of AI*" ions
by PMW can be calculated using the following thermodynamic equation (42):

In(1/b) = —AG/RT (8)

where T is the absolute temperature (K) and R is the gas constant [8.3143
J/(K.mol)]. The value of AG calculated at 298°K was found to be
—1.561kJ/mol. The negative sign for AG indicates the spontaneous nature
of A" ion adsorption onto PMW.
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X 0015
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Figure 9. Langmuir plot for A" ion adsorption onto PMW (100mg-L™").
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The Dubinin-Radushkevich (D-R) isotherm equation was also tested in
its linearized form:

In X = In X, — B&? ©)

and

e =RT In(1 + 1/C) (10)

where C is the liquid-phase concentration of A’ ions (ug/l), Xy, is the
monolayer capacity (g/g), € is the Polanyi potential, and 3 is the parameter
of D-R isotherm with X,T and R have the same meaning as above. The
value of X, [Equation (9)] can be obtained from the slope of the plot
(Fig. 10) of another Langmuir equation:

C/X = 1/Ki Xm + C/Xpm (11)

The isotherm expressed in Equation (9) is more general than the
Langmuir equation since it does not assume a homogeneous surface or a
constant adsorption potential. Plotting of InX vs. &> gave a straight line
(Fig. 11), thereby indicating the applicability of the D-R equation for A"
ions adsorption onto PMW. From the slope and intercept of this plot, values
of B=—6.5x 1077 mol’/KJ* and X, =0.2g/g were obtained for
aluminum ion adsorption. The corresponding value of the correlation coeffi-
cient (r) obtained was 0.9998.

The value of the adsorption energy (E) was obtained from the relationship
(26, 43):

E=(-2p""" (12)

and found to be 8.77 kJ/mol, indicating that the adsorption of some of the
AI*" jons onto PMW may be physical in nature. This may be attributed to

0.14 F
012 F
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Figure 10. Second Langmuir plot for AI>* ion adsorption onto PMW (100 mg - L™ ).
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Figure 11. Dubinin-Radushkevich (D-R) plot for AI** ion adsorption onto PMW
(100mg-L™h.

the formation of weak bonding, such as hydrogen bonding, between aluminum
species [AI(OH),>" AI(OH)3, Al(OH); (s), Al,(OH)S" ™] and hydroxyl
groups associated with active sites on the surface of marble present as a
suspension.

Effect of Various Other Ions

Under the optimized conditions determined for this investigation, the percen-
tage removal of 2.7mg-L~" AI*" ions from a solution of pH7 containing
100mg-L™" PMW was studied in the presence of high concentrations of
various cations and anions, usually present in some water samples. All the
cations were used as their chlorides or sulfates whereas the anions were
used as the corresponding sodium salts. The tolerable amounts of each ion
giving an error of + 2% in the removal efficiency of AI’" ions are listed in
Table 1. Inspection of the data indicates that the removal of AI’" ions was
quantitative in all cases. However, it should be noted that higher concen-
trations of Cu®" or Zn>* could have harmful effect on the removal process.
This may be due to a competition between these cations and A" ions for
adsorption onto the active sites of PMW. This problem could be overcome
by increasing the dose of PMW sorbent.

Adsorption Mechanism

Although adsorption from solution by solids is of great practical importance
and a vast number of papers have been published, it has been only over the
last three decades a fundamental understanding has been developed.
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Table 1. Effect of various ions on the percentage removal, Re (%), of 2.7mg-L ™!
A>T jons from aqueous solutions using 100mg-L~" PMW at pH 7

Foreign ions Tolerance Al(II) found

added limit, x 10> mg-L ™! mg-L~! Re, %
Ca%* 20.1 2.697 99.9
K+t 19.6 2.700 100
Na*t 11.5 2.700 100
NH 9.0 2.686 99.5
Mg>* 7.1 2.700 100
Mn2* 2.8 2.692 99.7
Co** or Ni2* 1.2 2.697 99.9
Ccd*+ 1.1 2.695 99.8
Pb** 1.04 2.692 99.7
Hg*" 1.0 2.695 99.8
Cu** 0.2 2.697 99.9
Zn** 0.004 2.692 99.7
S,0%3” 56.1 2.700 100
Norm 48 2.700 100
NO3 31 2.700 100
CH;CO0~ 29.5 2.700 100
HCOO™ 29.5 2.686 99.5
C,03~ 22.0 2.700 100
cl- 17.8 2.692 99.7

However, sharp limits between the different adsorption mechanisms are not
clear. Before discussing the possible adsorption mechanism involved, the
following points need to be taken into consideration:

1.

Most metal cations are removed by: i) adsorption on solid phases via pre-
cipitation of their insoluble hydroxides; ii) flocculation by adsorption of
hydrolytic products; iii) ion exchange or iv) complexation with specific
surface sites, provided the appropriate conditions prevail (38, 44).

As a function of solution pH (7), aluminum species may exist as soluble
hydroxo-complexes (AI(OH)*™, AI(OH)5, AI(OH)J, AI(OH); ) and poly-
hydroxo-complexes (Al,(OH)$" ™) in addition to the insoluble
colloidal aluminum hydroxide AI(OH)s(s).

The powdered marble waste (PMW) consists mainly of calcite (CaCOs3)
and to some extent of quartz (SiO,). When calcite (as a sparingly
soluble salt-type mineral) reacts with water, HCOj, Ca*™, CaHCOfY,
and CaHO™ are formed as surface-charged species and their presence is
a function of solution pH (45). Moreover, OH ™, H" and HCO3 are con-
sidered as potential determining ions in addition to Ca®" and CaCOs.
Chemisorption of water molecules on silica (as one of the minor constitu-
ents of marble wastes) surface induces a formation of surface OH groups
with an amorphous character; the dissociation of these groups leads to an
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acidic or alkaline surface (positive or negative surface charge). These
findings were confirmed by stirring the PMW sorbent with distilled
water for 4 h after which the suspension pH increases. This may be attrib-
uted to adsorption of H' ions from solution or desorption of OH ™ ions
from the sorbent surface which agrees well with the literature data that
most natural surfaces are negatively charged (46).

4. IR analysis of PMW sorbent indicated the appearance of a band at 1449 —
1492 cm ™! assigned to carbonate (34) which is shifted to a sharp absorp-
tion band at 1425cm™' upon addition of AI** ions confirming the
formation of aluminum carbonate. Moreover, the precipitation of
aluminum hydroxide was also checked by IR analysis of the system Al-
PMW, where a broad absorption band appeared at 3426 cm ™' which is
assigned to the hydroxide of AI(OH);z (34).

Therefore, the proposed mechanism may occur as follows. At pH < 5, the
hydrolytic species of aluminum may be adsorbed or ion exchanged with
calcium sites of PMW sorbent. In the pH range 5-9, where the maximal
removal of AI*™ ions occurred, adsorption may be electrostatically in nature
and taking place via precipitation of the colloidal hydroxide precipitates of
aluminum. In alkaline medium, at pH > 9, the removal of AP ions
decreases, which may be attributed to the incapability of adsorption of the
negative species, AI(OH), on the negative surface of PMW sorbent.

Application

To investigate the applicability of the recommended procedure, a series of
experiments was performed to recover 1.575 and 2.985mg of AI*™ ions
added to aqueous and some natural water samples. The adsorption experiments
were carried out using 1 L of clear, filtered, uncontaminated sample solutions
after adjusting their pH values to 7. The results obtained are listed in Table 2
and show that the recovery was satisfactory, quantitative (~ 100%). The
relative standard deviations (RSD) were calculated for five replicate
analyses and the maximum value does not exceed 2.12%. Moreover, the
recovery of AI’" ions from brackish water samples is good, in comparison
with other fresh water samples, which may be attributed to the presence of
Na™, Mg?*, and Ca®" ions in the former ones acting as activators (47).

CONCLUSIONS
Solid marble wastes have been investigated as cheap and effective inorganic
sorbents for the removal of AI** ions from aqueous solutions. The experimen-

tal results revealed the following:

(i) The adsorption process was endothermic and followed first-order
kinetics.
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Table 2. Recovery of AI’* ions added to 1L of various water samples using 100 mg
of PMW at pH ~7 and stirring for 10 min at 200 rpm

AI(IIT) added AI(IIT) found Re RSD
Sample (location) (mg) (mg)* (%) (%)[’
Distilled water — ND¢ — —
1.575 1.550 98.41 0.41

2.985 2.940 98.49 1.20

Tap water — ND¢ — _
(our laboratory) 1.575 1.571 99.75 0.45
2.985 2.965 99.33 1.50

Nile water — ND¢ — —
(Mansoura City) 1.575 1.571 99.75 0.41
2.985 2.970 99.50 2.12

Sea water (Gamasah) — ND¢ — —
1.575 1.575 100.00 0.48

2.985 2.970 99.50 1.30

(Ras El-Barr) — ND* — —
1.575 1.570 99.68 0.50

2.985 2.975 99.66 1.70

(Alexandria) — ND* — —
1.575 1.570 99.68 0.62

2.985 2.978 99.77 1.81

Lake water — ND¢ — —
(Manzalah) 1.575 1.573 99.87 0.41
2.985 2.980 99.83 1.35

Underground water — ND* — —
(Cinbillaween City) 1.575 1.575 100.00 0.50
2.985 1.985 100.00 1.50

“The mean of five experiments.
bCalculated for five experiments.
“ND = Not detectable.

(i) It occurred mainly at the surface of the solid waste and to some extent
by the internal pores.

(iii)) It was well described by the Langmuir and Freundlich models.

(iv) It could occur through adsorption of hydrolytic species and/or
precipitation of aluminum hydroxide onto sorbent.

(v) The procedure was successfully applied for the removal of A
from drinking and natural waters.

(vi) Moreover, the aluminum ions were essentially held by PMW sorbent
and would not leach out by acids owing to the solubility of the
sorbent. Therefore, the metal-loaded solid waste could be solidified to
an environmentally safe form thereby serving the double-fold aim of
water treatment and solid waste disposal.

1>* ions



09: 51 25 January 2011

Downl oaded At:

Kinetic Investigation of the Removal of Aluminum 1813

REFERENCES

10.

11.

12.

14.

15.

16.

17.

18.

20.

21.

. Kapoor, A. and Viraraghavan, T. (1995) Fungal biosorption-an alternative

treatment option for heavy metal bearing wastewater: a review. Bioresource
Technol., 53 (3): 95-104.

. Al-Asheh, S. and Duvnjak, Z. (1999) Soption of heavy metals by calona meal.

Water, Air, Soil Pollut., 114 (1-2): 251-276.

. Weng, C.-H., Chiang, P.-C., and Chang, E.E. (2001) Adsorption characteristics of

Cu"" on to industrial wastewater sludge. Adsorp. Sci. Technol., 19 (2): 143-157.

. Downs, A.J. (1993) Chemistry of Aluminum, Gallium, Indium and Thalium, 1st

Ed.; Chapman & Hall: London.

. Kemmer, F.N. (1988) Nalco Water Handbook, 2nd Ed.; McGraw-Hill: New York.
. Srinivasan, P.T., Viraraghavan, T., and Subramanian, K.S. (1999) Aluminum in

drinking water. Water SA, 25 (1): 47-56.

. Campbell, P.G.C., Bisson, M., Bougie, R., Tessier, A., and Villeneuve, J-P. (1983)

Speciation of aluminum in acidic fresh waters. Anal. Chem., 55 (14): 2246-2252.

. Birchall, J.D., Exley, C., Chappell, J.S., and Phillips, M.J. (1989) Acute toxicity of

aluminum to fish eliminated in slicon-rich acid waters. Nature, 338 (9): 146148
(London).

. Havens, K.E. and Heath, R.T. (1989) Acid and aluminum effects on freshwater

zooplankton: an in situ mesocosm study. Environ. Pollut., 62 (2—3): 195-211.
Havens, K.E. (1992) Acid and aluminum effects on sodium homeostasis and
survival of acid-sensitive and acid-tolerant Cladocera. Can. J. Fish. Aquat. Sci.,
49 (12): 2392-2398.

Gensemer, R.-W. (1991) The effects of pH and aluminum on the growth of the
acidophilic diatom Asterionella ralfsii var. Americana. Limnol. Oceanogr.,
36 (1): 123-131.

Parker, D.R., Kinraide, T.B., and Zelazny, L.W. (1989) On the phytotoxicity of
polynuclear hydroxyl-aluminum complexes. Soil. Sci. Soc. Am. J., 53 (3):
789-796.

. Massey, R.C. and Taylor, D. (1989) Aluminum in Food and the Environment;

Royal Society of Chemistry: Cambridge.

Crapper McLachlan, D.R. and DeBoni, U. (1980) Aluminum in Alzheimer’s
disease. Neurotoxicology, 1 (1): 133—137.

Flaten, T. (2001) Aluminum as a risk factor in Alzheimer’s disease, with emphasis
on drinking water. Brain Res. Bull., 55 (2): 187-196.

Desccotes, J. (1988) Immune-Toxicology of Drugs and Chemicals; Elsevier:
Amsterdam.

Bensen, R.L., Worsfold, P.J., and Sweeting, F.W. (1990) On-line determination of
residual aluminum in potable and treated waters by flow-injection analysis. Anal.
Chim. Acta, 238 (1): 177-182.

Dean, J.G., Bosque, F.L., and Lanouette, K.H. (1972) Removing heavy metals
from wastewater. Environ. Sci. Technol., 6 (6): 518-522.

. Zouboulis, A.IL., Lazaridis, N.K., and Zamboulis, D. (1994) Powdered activated

carbon separation from water by foam flotation. Sep. Sci. Technol., 29 (3):
385-400.

Sharma, D.C. and Forster, C.F. (1996) Removal of hexavalent chromium from
aqueous solutions by granular activated carbon. Water SA, 22 (2): 153-160.
Ghazy, S.E., Samra, S.E., and El-Morsy, S.M. (2001) Soptive-flotation of
copper(ll) from water using different powdered activated carbons as sorbents
and oleic acid as surfactant. Adsorp. Sci. Technol., 19 (9): 721-736.



09: 51 25 January 2011

Downl oaded At:

1814 S. E. Ghazy et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ho, Y.S. and McKay, G. (1998) Kinetic model for lead(II) sorption on to peat.
Adsorp. Sci. Technol., 16 (4): 243-255.

Bates, R.L. and Jackson, J.A. (1980) Glossary of Geology, 2nd Ed.; American
Geological Institute: Falls Church, VA.

Al-Asheh, S. and Banat, F. (2001) Adsorption of zinc and copper ions by the solid
waste of the olive oil industry. Adsorp. Sci. Technol., 19 (2): 117-129.

Yubin, T., Fangyan, C., and Honglin, Z. (1998) Adsorption of Pb>*, Cu** and
Zn** ions on to peat. Adsorp. Sci. Technol., 16 (8): 595—606.

Akhtar, S. and Qadeer, R. (1997) Active carbon as an adsorbent for lead ions.
Adsorp. Sci. Technol., 15 (10): 815-824.

Weber, W.J., Jr. and Morris, S.C. (1963) Inraparticle diffusion during the sorption
of surfactants onto activated carbon. J. Sanit. Eng. Div. Am. Soc. Civ. Eng., 89 (1):
53-61.

Crank, J. (1965) The Mathematics of Diffusion; Carlendon Press: Oxford, London.
McKay, G., Otterbern, M.S., and Sweeney, A.G. (1980) The removal of color from
effluent using various adsorbents —III. Silica: Rate processes. Water Res., 14(1):
15-20.

Bangham, D.H. and Burt, F.P. (1924) The behavior of gases in contact with glass
surfaces. Proc. Roy. Soc., (London) Ser, 105 (A): 481-488.

Qadeer, R. and Hanif, J. (1994) Kinetics of uranium(VI) adsorption on activated
charcoal from aqueous solutions. Radiochim. Acta, 65 (4): 259-263.

Gupta, G.S. and Shukla, S.P. (1996) An inexpensive adsorption technique for the
treatment of carpet effluents by low cost materials. Adsorp. Sci. Technol., 13 (1):
15-26.

Mandjiny, S., Zouboulis, A.IL., and Matis, K.I. (1995) Removal of cadmium from
dilute solutions by hyroxyapatite. Part I. Sorption studies. Sep. Sci. Technol.,
30 (15): 2963-2978.

Nakamoto, K. (1978) Infrared and Raman Spectra of Coordination Compounds,
3rd Ed.; Wiley: New York.

Matigevic, E., Broadhurst, D., and Kerker, M. (1959) On coagulation effects of
highly charged counter ions. J. Phys. Chem., 63 (10): 1552-1557.

James, R.O. and Healy, T.W. (1972) Adsorption of hydrolysable metal ions at the
oxide-water interface. II. Charge reversal of SiO2 and TiO2 by adsorbed Co(II),
La(IIl) and Th(IV) as model systems. J. Colloid Interface Sci., 40 (1): 53—64.
Apak, R., Hizal, J., and Ustaer, C. (1999) Correlation between the limiting pH of
metal ion solubility and total metal concentration. J. Colloid Interface Sci., 211 (2):
185-192.

Apak, R., Tutem, E., Hugul, M., and Hizal, J. (1998) Heavy metal cation retention
by conventional sorbents (red mud and fly ashes). Water Res., 32 (2): 430—440.
Khalid, N., Ahmad, S., Toheed, A., and Ahmed, J. (1998) Immobilization of
arsenic on rice husk. Adsorp. Sci. Technol., 16 (8): 655—-666.

Nassar, M.M., Hamoda, M.F., and Radwan, G.H. (1996) Utilization of palm-fruit
bunch particles for the adsorption of dyestuft wastes. Adsorp. Sci. Technol., 13 (1):
1-6.

Panday, K.K., Prasad, G., and Singh, V.N. (1984) Removal of Cr(VI) from
aqueous solution by adsorption on fly ash wollastonite. J. Chem. Technol. Biotech-
nol., 34 (4): 367-374.

Panday, K.K., Prasad, G., and Singh, V.N. (1985) Copper(Il) removal from
aqueous solutions by fly ash. Water Res., 19 (7): 869—-873.

Reichenberg, D. (1953) Properties of ion exchange resins in relation to their
structure. III. Kinetic structures. J. Am. Chem. Soc., 75 (3): 589-597.



09: 51 25 January 2011

Downl oaded At:

Kinetic Investigation of the Removal of Aluminum 1815

44,

45.

46.

47.

Zouboulis, AL, Kydros, K.A., and Matis, K.A. (1995) Removal of hexavalent
chromium anions from solutions by pyrite fines. Water Res., 29 (7): 1755-1760.
Somasundran, P. and Agar, G.E. (1967) Zero point of charge of calcite. J. Colloid
Interface Sci., 24 (4): 433-440.

Rosen, M.J. (1989) Surfactants and Interface Phenomena, 2nd Ed.; John Wiley &
Sons Inc.: New York.

Ghazy, S.E., Samra, S.E., and El-Morsy, S.M. (2001) Removal of copper(Il)
from aqueous solutions using limestone fines as the sorbent and oleic acid as the
surfactant. Adsorp. Sci. Technol., 19 (2): 175-185.



