O U R N A

ISSN : 1812-5379 (Print)
ISSN : 1812-5417 (Online)
http://ansijournals.com/ja

AGRONOMY

ANSIlzer

Asian Network for Scientific Information
308 Lasani Town, Sargodha Road, Faisalabad - Pakistan




Tournal of Agronomy 5 (3): 440-450, 2006
ISSN 1812-5379
© 2006 Asian Network for Scientific Information

Sorption/Desorption Characteristics of Heavy Metal on Amorphous Al and Fe Hydroxides

Formed in the Presence of Oxalate, Citrate and Tannate, Ligands

M.I.D. Helal
Department of Soil Science, Faculty of Agriculture, Cairo University, Giza, Egypt

Abstract: Sorption capacity of synthetically prepared amorphous Al and Fe hydroxides relative to heavy metal
(Pb) was greatly affected by the presence of low (oxalate and citrate) or lugh (tannate) melecular weight organic
ligands during their formation. Co-precipitation of tammate ligand with Al or Fe markedly enhanced the capacity
of the precipitation products to sorb Pb. Regarding to oxalate and citrate ligands, their presence suppress the
capacity of Al precipitates and enhanced that of Fe ones to sorb Pb. Although the capacity of all Al and Fe
precipitates to sorb Pb sigmficantly decreased as pH decreased from 7.0 to 5.5, Fe-Tan and Fe-Cit keep relatively
high capacity. Lead sorption consists of fast initial reaction completed n few hours, followed by slow reaction
conducted to the end of the experiment. The mols of H" released per ion Pb sorbed (HR/Sorb.Pb) varied as the
adsorbent and sorption density varied and ranged from 1:1 to higher than 2:1. Also, the ratios (HR/Sorb.Pb)
mncreased with the reaction period and ranged from 0.3 to 2.2:1. These different stoichiometries and the delaying
of H" release, refer to formation of different complexes between Pb and adsorbents; an intermediate one {X-
O(OH)-Pb*'} with no H' release may be formed at the beginning; followed by formation of mono-dentate (-
OPb") and bi-dentate (3{-O,Pb) ones. Only small portions of Pb previously sorbed on Al and Fe precipitates
at pH 7.0 (0 to 16 and 0 to 7.4%, respectively) are reversible. The reversibility mcreased as sorption density
mcreased and pH decreased. As residence time increased, sorbed Pb, in particular at pH 7.0, was nearly
irreversible over a desorption period of 24 h, which indicate the transformation of adsorbed Pb. Pb
sorption/desorption characteristics on amorphous Al and Fe precipitates are highly dependent on surface
properties, Point of Zero Salt Effect (PZSE) and remaining charge at the same pH (0,). Fe-Tan, Fe-Cit and Al-Tan
had high ability to sorb and sequester sorbed Pb over a wide range of pH, which mdicate that, these modified
hydroxides could be produced and utilize for pollution prevention, remediation of the soil environment and
decontamination of heavy metal polluted water.

Key words: Pb sorption, Pb desorption, kinetics, PZSE, remaining charge (g,), CEC

INTRODUCTION adsorbing metal and the solution conditions (Kinnmburgh
and Jackson, 1982). Tron oxides have been shown to
It 1s generally accepted that trace metal  contain different surface functional groups with different

concentrations mn soil solution are primarily controlled by
sorption and desorption reactions at the particle solution
interface (Glover et al., 2002). There has been a great deal
of research examming trace metal adsorption reaction
on soil and soil constituents (Muller and Sigg, 1992;
Ainsworth et al., 1994, Gunneriusson et al., 1994). Trace
metal adsorption on oxides of Fe and Al consists of two
steps, an wutial fast reaction followed by a slow reaction
conducted to long period (Strawn ef al., 1998; Eick et al.,
1999; Strawn and Sparks, 2000). Adsorption of metals from
solution is accompanied by the release of protons,
typically between ome and two protons released per
cation adsorbed, the exact value depending on the

affinities for trace elements (Benjamin and Leckie, 1981;
Hiemstra et al., 1996). Fendorf et al. (1997), suggested
that trace elements form different surface complexes on
goethite depending on sorption density. Davis and Leckie
(1978) found that, more than one stoichiometric surface
reaction was required to describe the adsorption of metal
on amorphous iron oxyhydroxide, which suggests that
more than one species 13 being adsorbed, or more than
one type of surface site 1s mvolved m the adsorption
process, or both. Lead adsorption on goethite has
been modeled successfully as both mono-dentate and
bi-dentate surface complexes (Hayes 1986; Gunneriusson
et al., 1994). Very recently, Xuet al. (2006), using EXAFS
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observed that Pb sorption on hydrous Fe oxide forms
complex. Unlike
adsorption reactions, there are relatively little research
dealt with desorption behavior of metals from soil and soil
It often observed that desorption
reactions are slower than sorption ones (Smith and
Comans, 1996; Scheidgger et al., 1996), which could be
attributed to; 1) transformation of adsorbed ion from
one state to another, for example: conversion from an
adsorbed species to a surface precipitate; and 2) intra-
particle diffusion of adsorbed ion along with micropore
walls of oxide (Fan et al, 2004; Xu et al., 2006). In
addition, desorption reactions often require large

moenonuclear  bi-dentate  surface

constituents. 1s

activation energies, which cause the reaction to proceed
slowly (McBride, 1994).

Iron oxides have been recogmzed as playing a very
important role m controlling the fate of heavy metals in
soils sediments and in the regulation of Pb
(Manceau et al, 1992). Hydrous
amorphous Al and Fe oxides are ubiquitous in the surface
as both discrete particles and coatings and exhibit a high
affinity for heavy metal contamination. They have large
surface areas and an abundance of binding sites;
therefore, they have significant impact on contaminant
mobility (Tenne, 1968; Fan et al., 2004). The high affinity
of Fe oxides for certain trace elements, Pb in particular,
makes them a likely long-term sink for cationic polyvalent
metals (Sauve et al. 2000). Most Fe oxides form under the
mfluence of pedogemic environments mcluding the
presence of orgame ligands (Cornell and Schwertmann,
1979), which perturb the crystallization of mineral, 1.e.,
modifies the crystalline structure of the resultant
hydrolytic products (Krishnamurti and Huang, 1990, 1991,
1993). Short range ordered (noncrystalline) precipitation
products of Al play a significant role in chemical
adsorption (Hsu, 1977; Huang and Violante, 1986).

Tt is generally postulated that, the hazardous of

and
natural waters

heavy metal pollutants m the environment 1s primarily
controlled by sorption/desorption reactions at solid
phase/soil solution interface. Hence, assessment the
capability of soil constituents to adsorb and sequester
adsorbed pollutant 1s important to predict potential
toxicity and mobility of contammants. The objective
of this research was to study sorption/desorption
characteristics of heavy metal (Pb) on amorphous Al and
Fe hydroxides synthetically prepared in absence and
presence of low (oxalate and citrate) and high (tannate)
molecular weight orgamic ligands. Kinetics of Pb sorption
and its desorption were, also, studied. Surface properties
of the prepared Al and Fe hydroxide, Point of Zero Salt
Effect (PZSE) and remaining charge {0,) at the same pH
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and Cation Exchange Capacity (CEC) were used for
interpretation  of sorption/desorption  characteristics.
Pb/modified amorphous Al and Fe hydroxides system was
chosen because, Pb 13 a common seil pollutant and the
predominant Al and Fe oxides phases mn soils are often
the amorphous species, which form under the mfluence of
pedogenic environments including the presence of
orgamc ligands (Cornell and Schwertmann, 1979).

MATERIALS AND METHODS

Materials: Amorphous AI(IIT) and Fe(TIT) Hydroxides
prepared, as described in the first part of this research
{(Helal, 2006), in absence or presence of low {oxalate and
citrate) or high (tannate) molecular weight organic hgands
(LMWL and HMWL), at ligand/(Al or Fe) Molar Ratio
(MR) of 0.1, were used for the present study. The forms
of Al precipitation products used included; nonmodified
(Al-OH) and those modified using oxalate (Al-Oxal),
citrate (Al-Cit) or tannate ligands (Al-Tan). Similar forms
of Fe precipitates (Fe-OH, Fe-Oxal, Fe-Cit and Fe-Tan)
were used. Surface properties, Point of Zero Salt Effect
(PZSE) and Cation Exchange Capacity (CEC), of these
precipitates as determined by Helal (2006), are given in
Table 1. Al and Fe precipitates formed in absence of
organic ligands (Al-OH and Fe-OH) had a remaming
positive charge (o,) at PZSE. The remaining positive
charge increased for the precipitates formed in the
presence of oxalate ligand (Al-Oxal and Fe-Oxal). The
remaining charge of the precipitates, Al-Cit, Fe-Cit, Al-Tan
and Fe-Tan, formed in the presence of citrate or tannate
ligands, inversed to be negative.

Methods:

Sorption and desorption of Pb: To 100 mg of Al or Fe
precipitation products, 100 mI. of 50 mM NaCl0O, solution
containing 0O to 0.8 mM Pb in the form of Pb(NO,), was
added. The pH of NaClO, and Pb{INO,), solutions were
adjusted to 5.5 or 7.0 prior addition to the adsorbent using
0.1 NHCIO, or 0.103 N NaOH. The suspensions are then
readjusted after addition, then shaked gently for 24 h at
23+0.5°C n a thermostatically controlled room. pH of the
suspensions are periodically readjusted to pH 5.5 or 7.0
throughout the reaction period. The final suspension is
centrifuged at 10.000 rpm for 30 minutes. Pb concentration
is determined in the clear filtrate using an ICP-OES (GBC,
Integra XI., Australia). The quantity of Pb sorbed was
calculated as the difference between the determined initial
and final concentration of Pb in the equilibrium solution.
Number of mols of protons released during the reaction
period was calculated usmg the volume of NaOH
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consumed in adjusting the pH of the equilibrium solution.
To all suspensions, a few drops of toluene were initially
added to prevent microbial activity. All experiments were
done in two replicates.

A solution of 0.0IM Ca(NO,), is used for the
desorption of the previously sorbed Pb, at adsorbent:
solution ratio equal to that used for sorption experiment.
The suspension was shaked gently for reaction period of
24 h at 2320.5°C. After centrifugation, Pb concentration is
determined in the clear solution.

Kinetics of Pb sorption and its desorption: The kinetic
experiment was conducted at pH 7.0 and 5.5 for two
precipitates (Al-Tan and Fe-Tan). To 100 mg of Al-Tan or
Fe-Tan, 100 mL of 50 mM NaClO, containing 0.8 mM Pb
m the form of Pb(NO,), was added. Both NaClQ, and
Pb(NO,); solutions are adjusted to pH 7.0 or 5.5 prior
addition to the adsorbent, then readjusted after addition.
The suspension are gently shaked for different periods
ranged from %4 to 168 h at 23+0.5°C. The earlier procedure
was adopted.

The earlier sorbed Pb was desorbed using 0.01M
Ca(NO,),as the abovementioned.

Statistical analysis: Data of Pb sorption on Al and Fe
precipitation products and its subsequent desorption was
analyzed using linear model procedure of SAS program
(SAS, 1996). The models consists of three factors
including; 1) two types of metal hydroxides (Al and Fe),
2) four forms of Al precipitation products (Al-OH, Al-Oxal,
Al-Cit and Al-Tan) as well as Fe ones, and 3) two pH
values of 5.5 and 7.0. That 13 besides all possible
interactions between the tested factors.

RESULTS AND DISCUSSION

Phb Sorption on Al and Fe precipitation products: The
results showed that, at concentrations, up to 0.4 mmole
Pb L7, all added Fb was completely removed from the
equilibrium solution. Co-precipitation of high molecular
weight ligand, HMWT,, (tannate) with Al considerably
increased Pb sorption capacity of the precipitation
products (Fig. 1a). The quantities of Pb sorbed on Al-Tan
were much higher than those of nonmodified Al-OH. On
the other hand, co-precipitation of low molecular weight
ligands, LMWTL (citrate or oxalate) with Al significantly
(p = 0.001) decreases Pb sorption capacity. Sorption
1sotherms show that, although, Al-Cit and Al-Oxal are
approaching maximum sorption capacity, Al-Tan and, to
a lesser degree, Al-OH had high potential ability to sorb
additional quantities of soluble Pb. Figure (1b) shows the
high sorption capacity of Fe precipitates, m particular
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Fig. 1: Sorption isotherms of Pb on Al (a) and Fe (b)

precipitates at pH 7.0

those modified with tannate and citrate ligands, to sorb
Pb. The results showed that, dissimilar to Al precipitates,
co-precipitation of LMWT, (citrate and oxalate) with Fe
enhanced the capacity of the precipitation preducts to
sorb Pb. The quantities of Pb sorbed on Fe-Oxal, Fe-Cit
and Fe-Tan (694, 791 and 796 mmol kg ™', respectively) are
higher than (108, 123 and 124%, respectively) that
{641 mmol kg ") sorbed on nenmodified Fe precipitate (Fe-
OH). Both Fe-Tan and Fe-Cit had high potential ability to
sorb additional cuantities of soluble Pb. The quantity of
Pb sorbed on Fe-Cit is almost equal to that sorbed on
Fe-Tan, which refers to differences in the behavior of
citrate among Al and Fe precipitates. In general, the
capacities of Fe precipitates to sorb Pb are higher than
their correspondings of Al ones. Sorption isotherms of Pb
onFe-Tar, Al-Tan and Fe-Cit, are typical H-type 1sotherm
which indicates the high affinity of Pb to the adsorbents
and at the same time refers to that, the mechamsm
involves is complex formation. Eick et al. (1999), also,
reported the lugh affinity of Pb to goethite. Amorphous
Al and Fe hydroxides had considerably lugher capacity
to sorb Pb comparing with reactive components
(hydroxyaluminum-and
montmorillonite complexes) synthetically prepared by
Saha et al. (2002) which showed the capacity to sorb,

hydroxyaluminosilicate-
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Table 1: Point of Zero Salt Effect (PZSE) and Cation Exchange Capacity (CEC, cmol, kg™ of Al and Fe Precipitates formed at Ligand/Metal MR of 0.1

(Helal, 2006)

Property Al-OH Al-Oxal Al-Cit

Al-Tan

Fe-OH Fe-Oxal Fe-Cit Fe-Tan

PZSE
CEC (pH 5.5)
CEC (pH 7.0)

5.65
329
33.6

71
47.2
50.7

5.45
58.9
60.4

4.85
62.4
68.5

6.4
58.9
62.4

6.1
62.9
66.2

3.7
65.3
66.3

3.2
68.0
70.0

3001

a —¢-Al-OH —#-Al-Cit & Al-Oxal —+ Al-Tan
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Fig. 2: Sorption 1sotherms of Pb on Al (a) and Fe (b)
precipitates at pH 5.5

approximately, 20 mmol Fb kg™, at pH 7.0. Also, the
quantity of Pb sorbed on Fe-Tan, Al-Tan and Fe-Cit
exceeded those sorbed by binary and ternary model
particles containing soil humic acid and Wyoming
montmorillonite (approximately 700 and 200 mmol kg™,
respectively) prepared by Cruz-Guzman et al. (2003).
These results proved that, Fe and Al precipitates, in
particular those modified by tannate, are more efficient
than other reactive components in removing soluble
heavy metal pollutants. Thus they could be produced
and utilize for pollution prevention and for remediation of
the soil environment.

Effect of pH on Pb sorption: In general, the results show
significant decreases (p = 0.001) in Pb sorbed on Al and
Fe precipitates at pH 3.5, comparing with their
correspondings at pH 7.0. The quantities of Pb (128 to 247
mmol kg™') sorbed on Al precipitates at pH 5.5 (Fig. 2a)
represented 22 to 38% of those sorbed on their
correspondings at pH 7.0. The highest reduction (78%) in
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Pb sorption capacity 1s observed for nonmodified Al
precipitate (Al-OH). However, relatively low reductions
(62 to 68%) are recorded for Al-Oxal, Al-Cit and Al-Tan.
All Al precipitates had limited potential ability to sorb
additional quantities of Pb at pH 5.5. Their 1sotherms
approached maximum sorption capacity. Fig. (2b) shows
that, the quantities of Pb sorbed on Fe precipitates at
pH 5.5 varied widely and ranged from 202 to 739 mmol
kg™ These quantities are generally lower than
(representing 32 to 93% of) those sorbed at pH 7.0. Fe-
Tan and Fe-Cit had the highest capacity to sorb Pb (739
and 639 mmol kg ', respectively) at pH 5.5, whereas Fe-
OH and Fe-Oxal had the lowest ones (202 and 369
mmol kg™, respectively). That is besides, Fe-Tan and Fe-
Cit had high potential ability to sorb additional quantities
of Pb at pH 5.5. These results proved that, co-
precipitation of tamnate and citrate ligands with Fe
markedly enhanced the capacity of the precipitates to
sorb Pb even at low pH values, comparing with Fe-OH
and Fe-Oxal. Tn comparison with Al precipitates, Fe ones
had higher capacity (158 to 420%) to sorb Pb at pH 5.5.
The highest orders of magmtude of mecrement are
recorded for Fe-Tan, Fe-Cit, whereas the lowest ones are
recorded for Fe-OH and Fe-Oxal. In general, the results
showed that, Fe precipitates, particularly those formed
1n the presence of tannate and citrate, had high capacity
to sorb and to remove soluble Pb from solution, at wide
range of pH.

Surface properties and Pb sorption: Pb sorption on Al
and Fe precipitates could be discussed with surface
properties, PZSE values and the remaining charge at the
same pH (0,) and Cation Exchange Capacity {(CEC). In
general, the results showed the ability of Al-Oxal, Al-OH,
Al-Cit, Fe-OH and Fe-Oxal to sorb Pb at pH (5.5) lower
than or equal to their PZSE values (7.1, 5.65, 5.45, 6.4 and
6.1, respectively, Table 1). These findings indicated that,
specific adsorption 1s a mechamsm involved m Pb
sorption process. However, at pH values higher than
PZSE, Pb sorption capacity of Al and Fe precipitates
markedly enhanced, which could be attributed to
electrostatic forces between the surface of negative
charge and metal cation of Pb. An inverse relationship
was observed between Pb sorbed at pH 5.5 and 7.0
and PZSE (Fig. 3). The results showed that, as PZ3E
values of Al-Tan, Al-Cit and Al-Oxal, increased from
4.85, 5.45 to 7.1, respectively, quantities of Pb sorbed, at
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Fig. 3: Point of Zero Salt Effect (PZSE) and Pb sorption on
Al (a) and Fe (b) precipitates at pH 7.0 and 5.5

pH7.0and 5.5 significantly (r = 0.937, p=0.05, pH 7.0)
decreased from 781, 432 to 359 and from 247, 152 to 138
mmol kg, respectively. (Al-OH showed a little
deviation.) Highly significant correlations (r = 0.975 and
0.976, p= 0.01) are obtained between PZSE values and Pb
sorbed on Fe precipitates at pH 7.0 and 5.5, respectively
(Fig. 3b). As PZSE values of Fe precipitates (Fe-Tan, Fe-
Cit, Fe-Oxal and Fe-OH) increased from 3.2, 3.7, 6.1 to 6.4,
respectively, the quantities of Pb sorbed at pH 7.0 and 5.5,
markedly decreased from 796, 791, 694, to 641 mmol kg™
and from 739, 639, 377 to 202 mmol kg™, respectively.
Shifting PZSE to higher pH values indicated the decrease
m the acidity of surface OH and COOH groups
(Mustafa et «l, 2004), which lead to decreases in
metal sorption capacity of the surface.

Also, the quantities of Pb sorbed on Al and Fe
precipitates (Fig. 2) could be discussed with the
remaining charge (o,). The data showed that, the
precipitates had positive o, had lower Pb sorption
capacity than those had negative o,. The quantities of Pb
sorbed at pH 5.5 on Al-Cit end Al-Tan which had negative
o,, are significantly {(p = 0.001) higher than those sorbed
on Al-OH and Al-Oxal, which had positive o,. Also, the
quantities of Pb sorbed on Al-Tan at pH 7.0 was much

higher than those sorbed on Al-OH and Al-Oxal. (Little
deviation is shown for Al-Cit). This trend was rather clear
with Fe precipitates, the quantities of Pb sorbed on Fe-Cit
and Fe-Tan, at pH 5.5 and 7.0, which had negative g, were
significantly (p = 0.01) lugher than those sorbed on Fe-OH
and Fe-Oxal which had positive g,

Regarding to Cation Exchange Capacity (CEC) of Al
and Fe precipitates, the results showed that, all
precipitates had high capacity to sorb Pb in quantities
much higher than their CEC values. The quantities of Pb
sorbed on Al precipitates (Al-OH, Al-Oxal, Al-Cit and
Al-Tan, Fig. 1a) at pH 7.0, are 1.5 to 3 times higher than
CEC values (Table 1). Also, the quantities of Pb sorbed
on Fe precipitates (Fe-OH, Fe-Oxal, Fe-Cit and Fe-Tan,
Fig. 1b) at pH 7.0, are, roughly, two times lugher than CEC
values. These results proved that, specific adsorption
rather than nonspecific one 15 responsible for sorption
of Pb on Al and Fe precipitates at pH 7.0. At pH 5.5,
quantities of Pb sorbed on Al precipitates markedly
decreased. The quantities of Pb sorbed on all Al
precipitates, are much lower than CEC values (Table 1).
Unlike Al precipitates, Fe ones had the capacity to sorb
quantities of Pb, at pH 5.5, much higher than CEC values.
Except for Fe-OH, the quantities of Pb sorbed on Fe
precipitates are 1.2 to 2.2 times higher than CEC values.
However, the quantity (202 mmol kg ™) of Pb scrbed on
Fe-OH is much lower than CEC value of 312 mmol kg™
These results suggested that, specific adsorption 1s, also,
involved in the removal of Pb from solution at pH 5.5,
particularly for Fe precipitates.

Release of H" against Pb sorption: The quantities of H
released are generally higher than sorbed Pb and
increased as sorbed Pb increased (Fig. 4a). The mols of H
released per Pb sorbed (HR/Sorb.Pb) varied widely as
both quantity of sorbed Pb and form of Al precipitates
varied. Generally, HR/Sorb.Pb ratios are higher than 1:1.
At the lowest sorbed quantity, the ratio calculated for
Al-OH was approximately 6:1. As sorbed Pb mncreased, the
ratio decreased gradually to be 1:1, in particular at the
highest quantities of Pb sorbed, which could be attributed
to the formation of mono-dentate surface complex. In
agreement with Mckenzie (1980); Honeyman and Leckie
(1986), the wide ratio (6:1) could be attributed to the
hydrolysis of Pb (in solution or at the surface) during the
adsorption reaction, particularly at low surface coverage,
exchange reactions at the surface, or a combmation of
these. However, the ratios obtained for Al-Cit and Al-Tan
were little higher than 1:1 (ranging from 1.1 to 1.5:1). re.,
approximately one proton released per one Pb ion sorbed
to Al-Cit and Al-Tan, which refers to the formation of
mono-dentate  surface complex. The additional 0.1 to
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Fig. 4: Mols of H released against Pb sorption on Al (a)
and Fe (b) precipitates at pH 7.0

0.5mols of H" released may result from a change in
the adsorbent surface charge attributable to the
specifically adsorbed Pb (resulting mn the repulsion of
protons into the bulk solution), the formation of mixed
surface complexes, or a more complex adsorption
mechanism (Eick et al., 1999). For Al-Oxal, the ratios are
approximately 2:1 (ranging from 2.2 to 1.6:1), which could
be attributed to the formation of bi-dentate surface
complex, or mixture of mono-dentate and bi-dentate
complexes. Generally, these results indicated that, more
than one mechamism are involved in Pb adsorption on
Al precipitates. Fendorf et al. (1997) suggested that trace
elements form different surface complexes on goethite
depending on sorption density.

Figure (4b) shows the quantities of H' released from
Fe precipitates against Pb sorbed. The results showed
that, the quantity of H™ released from Fe-Tan is much
lower than those released from Fe-OH, Fe-Cit and Fe-Oxal,
n despite of Fe-Tan had the highest Pb sorption capacity.
The mols of H' released per Pb sorbed (HR/Sorb.Pb),
varied widely among Fe precipitates. Generally, the ratios
(HR/Sorb.Pb) obtamned for Fe precipitates are much
lower than their correspondings of Al precipitates. The
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ratios obtained for Fe-OH decreased from 2.5 to 1:1,
as sorption density increased. Macroscopic studies
examimng Pb sorption on goethite have measured proton
stoichiometries ranging from 1 to 2 (Gunneruiusson ef af.,
1994). The release stochiometries were ascribed to the
formation of mono-dentate surface complexes, bi-dentate
surface complexes and the hydrolysis of Pb during
adsorption. Unlike Fe-OH, the results showed the
delaying of H™ release from other Fe precipitates. The
ratios obtained for Fe-Oxal and Fe-Cit are much lower than
1:1, particularly at low sorbed Pb. They increased from
0:1 to 0.9:1 as Pb sorption increased. On the other hand,
the ratios recorded for Fe-Tan are constant at 0.5:1, 1.e.,
the ratios are independent on sorption density. The ratios
lower than 1:1 verify that Pb 1s imtially adsorbed to the
external sites forming outer sphere surface complex {X-
O(OH)-Pb* twith no H' released. The narrow ratios
obtained for Fe-OH, comparing with wide ones reported
for Al-OH proved that, metal hydrolysis at Al precipitate
surfaces, not in solution, 18 responsible for the wide ratios
(6:1) obtained at low sorption density. Various ratios
recorded for mols of H' released against Pb sorption
verified that, many processes are imvolved m binding
Pb with Al and Fe precipitates. These processes varied as
co-precipitated ligand and sorption density varied. Pb
binding has been found to change with increasing
sorption density (Templeton et al., 2003).

Pb desorption: The results of Fig. 5 showed that,
desorption of Pb increased as the previously sorbed
increased. The total quantities of Pb desorbed from Al
precipitates (pH 7.0) during desorption period of 24 h,
varied from 0 to 66 mmol kg~' (Fig. 5a). The desorbed
quantities showed that, only small percentages (0 to 16%)
of the previously sorbed Pb {(Des.Pb/Sorb.Pb)*100}
are reversible. The lighest reversibility are recorded for
Al-Oxal and Al-OH, whereas the lowest ones are recorded
for Al-Tan and Al-Cit. Figure (5b) shows the quantities (0
to 57 mmel kg ™) of Pb desorbed from Al precipitates at
pH 5.5. These quantities represented 0 to 41% of the
previously sorbed Pb. Thus the reversibility of Pb sorbed
at pH 5.5 is much higher than that at pH 7.0. Al-Tan had
the highest ability to retain sorbed Pb at pH 5.5, whereas
the other precipitates had low ability m this conmection.
Desorption of Pb could be discussed with surface
characteristics. As PZSE of Al-Oxal, Al-Cit and Al-Tan
decreased from 7.1, 545 to 4.85, respectively, the
percentages of Pb desorbed from previously sorbed at pH
7.0, decreased from 16, 7.3 to 3.3%, respectively. (A little
deviation is observed for Pb desorbed from Al-OH).
Also, as PZSE values of Al-Oxal, Al-OH and Al-Tan

decreased, percentages of Pb  desorbed from
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Fig. 5:Pb desorption as a function of the previously
sorbed on Al precipitates at pH 7.0 (a) and 5.5 (b)

previously sorbed at pH 5.5 decreased from 41, 36 to 3.5%,
respectively. (A little deviation 1s observed for Al-Cit).
Also, the ability of Al precipitates to retain sorbed Pb had
a good harmony with the remaining charge (o,). The
precipitates of Al-Cxal and Al-OH which had positive g,
had lower ability than those (Al-Cit and Al-Tan) had
negative ones to retain sorbed Pb at pH 7.0 and 5.5.
Quantities of Pb desorbed from previously sorbed on
Fe precipitates (Fig. 6a), at pH 7.0, increased as sorption
density increased and ranged from 0 te 47.5 mmol kg™
These results showed that, only small portions of Pb
sorbed on Fe precipitates are reversible (0 to 7.4%). In
agreement with these results, Glover et al. (2002) reported
that, Pb removal from goethite surface was not completely
reversible during an 8 h desorption period for all of the
experiments. The highest Pb reversibility are recorded
for Fe-OH, whereas, the other three precipitates (Fe-Tan,
Fe-Oxal and Fe-Cit) had relatively low ones. However, the
quantities (0 to 68 mmlkg) of Pb desorbed from
previously sorbed on Fe precipitates at pH 5.5 (Fig. 6b)
are higher than those at pH 7.0 and represented 0 to 15%
of the previously sorbed. Among all Fe precipitates,
Fe-OH had the highest percentages of desorbed Pb,
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whereas the other three forms (Al-Tan, Al-Oxal and
Al-Cit) had lower ones. In general, the reversibility of Pb
sorbed on Fe precipitates at pH 7.0 and 55 are
significantly (p 0.002) lower than those of Al
precipitates. These findings indicated that, Fe precipitates
had higher ability than Al ones to retain sorbed Pb over
a wide range of pH. Among all Al and Fe precipitates,
Fe-Tan and Fe-Cit, as well as Al-Tan, had the highest
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capacity to sorb and to sequester sorbed Pb over a wide
range of pH. Thereby, Fe-Tan, Fe-Cit and Al-Tan could be
considered as a sink of Pb in soil and they could be
produced and utilized for stabilization of heavy metal (Pb)
in polluted soil. The other forms of Al and Fe precipitates
are effective only at higher pH values of 7.0.

Desorption of Pb from Fe precipitates, could be
discussed with surface properties. As PZSE of Fe
precipitates decreased from 6.4, 6.1 to 3.7 for Fe-OH,
Fe-Oxal and Fe-Cit, respectively, percentages of desorbed
Pb (pH 7.0) decreased from 7.4, 3.8 to 2.7%, respectively.
Also, as PZSE of Fe-OH, Fe-Oxal, Fe-Cit and Fe-Tan
decreased from 6.4, 61, 3.7 to 3.2, respectively,
percentages of desorbed Pb (pH 5.5) decreased from 15,
8.2, 7.0to 4.9%, respectively. Furthermore, Pb desorption
are in a good harmony with the remaining charge (o) of
Fe precipitates. The precipitates of Al-Ox and Al-OH,
which had positive g, had lower ability than those (Al-Cit
and Al-Tan) had negative ¢,, to retain Pb sorbed at pH 7.0
and 5.5 The irreversibility of sorbed Pb could be
attributed to transformation of sorbed Pb, formation of
mner sphere complex with surface functional groups of
co-precipitated ligands. Tn despite of the statement of

Ainsworth et al. (1994) that, inter-particle diffusion is not
expected due to the difference in 1onic radii between Pb
and central cations of Fe or Al, Xu et al (2006) stated
that, slow intra-particle diffusion of adsorbed Pb resulting
in a surface diffusivity of 2.5X107" Cm’ 8' could be a
reason for the irreversibility of adsorbed Pb. However,
formation of surface precipitates is not expected due to
the short reaction period.

Kinetics of Pb sorption and its desorption: Figure (7)
shows two steps of changes of Pb concentrations in
solution equilibrated with Al-Tan and Fe-Tan at pH 7.0
and 5.5, with time. The first step shows sharp decrease in
Pb concentration completed in approximately 4 h. The
second step shows slow decrease in Pb concentration
conducted to the end of the reaction period (168 h). In
agreement with the statements of Strawn et al. (1998);
Eick et al. (1999);, Glover et al. (2002), these results verify
that, two different mechanisms are involved in Pb
sorption. The untial fast one 18 exchange reaction in which
Pb 1s attracted to the negative charge sites and/or
formation of outer-sphere complex. However, the second
one (slow reaction mechanism) is not as well understood
and has been attributed to mitra-particle diffusion
(Xu et al., 2006), formation of surface precipitate and/or
adsorption processes. The patterns of H' released from
Al-Tan and Fe-Tan against Pb sorption are shown in
Fig. (8 and 9). The results showed a delaying of H' release
at the begmning of the reaction. As the reaction period
increased, the quantity of H' released increased gradually
and exceeded Pb sorption. The mols of H released from
Al-Tan per Pb sorbed (HR/Sorb.Pb) at pH 7.0 and 5.5
increased with time and ranged from 0.3 to 2.2:1 and 0.4 to
1.5:1, respectively. The corresponding ratios obtained for
Fe-Tan, also, increased from 0.4t01.9:1 and 0.4to1.1:1,
respectively, as the reaction peried increased. The gradual
increases in HR/Sorb.Pb ratios could be attributed to
that, the mitial sorbed Pb form mtermediate complex
{AL-O(H)-Pb*} with no release of H' (Hachiya et al., 1979,
L and Huang, 2001). As residence time increased
the sorbed ions form mono-dentate (Al-O-Pb"), then
bi-dentate (Al-O,-Pb) complexes, with release of one
or two protons per ion Pb sorbed. The gradual increases
in HR/Sorb.Pb ratios with time, is a good explanation
for the low ratio (0.5:1) obtamned for sorption of Pb on
Fe-Tan at areaction period of 24 h (Fig. 4b). Based on
the obtained results, the mechanism of Pb sorption on
Al-Tan and Fe-Tan including; exchange reaction and/or
formation of outer sphere surface complex at the
beginning of the reaction, followed by specific adsorption
through replacement of one proton to form mono-
dentate, then the adsorbed Pb replaces one more proton
to form bi-dentate complex.
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The quantities of Pb desorbed from previously
sorbed on Al-Tan and Fe-Tan varied as the residence
time, sorption density and pH, varied (Fig. 10). Two
different trends are observed for the changes of Pb
desorption with residence time. The first one showed
gradual increases in the desorbed quantities as the
residence time increased to 4 and 8 h for Al-Tan and
Fe-Tan, respectively. The desorbed  quantities
represented 10 and 5% of Pb earlier sorbed on Al-Tan and
Fe-Tan (pH 7.0), respectively. The second one, which
observed for longer residence periods showed gradual
decreases in the quantity of Pb desorbed, in which the
reversible portion decreased with time to be 1.1 and
1.7%, respectively. Regarding to the desorption of
Pb earlier sorbed at pH 5.5, at shorter residence period,
20 and 3% of Pbearlier sorbed on Al-Tan and Fe-Tan,
respectively, are reversible. At longer residence
period, the reversibility decreased to be 3.3 and 5%,
respectively. These results proved that, as residence time
increased, Pb sorbed on Al-Tan and Fe-Tan, are nearly
wreversible, in particular at pH 7.0. In agreement with
these results, McLaren et al. (1998) Eick et al. (1999)
Glover ef al. (2002) reported that, Pb desorption kinetics
was slow compared with sorption reaction and not
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completely reversible during 6-8 h desorption experiment.
Also, Eick et al (1999), stated that, desorption rate
coefficients and the quantity of Pb desorbed were greater
for the short-term experiment. However, irreversibility of
Pb with ageing could be attributed to the transformation
of the adsorbed Pb, formation of inner-sphere complex,
formation of surface precipitates and/or intra-particle
diffusion.

In conclusion amorphous Al and Fe hydroxides
synthetically prepared in the presence of low organic
ligand, in particular oxalate, act as efficient sorbents for
anions (Helal, 2006), whereas those formed i the
presence of ugh molecular weight ligand (tannate) act as
efficient sorbent for metal cation. Therefore, these
precipitates play a vital role in the transformations of
nutrients and pollutants and assoclated
environments. Moreover, these precipitates could be
produced and utilize for pollution prevention, chemi-

m  soils

immobilization of cationic and amomc pollutants i soils
and decontamination of polluted water.
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