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Summary

Re-use of agricultural drainage water and industrial wastewater is one of the
adopted strategies in different countries to close the gap between water resources and
water demands. Drainage and industrial wastewater contain varieties of toxic
pollutants that can potentially cause hazard on humans and environment. Although
adsorption techniques are considered one of the proper methods for the wastewater
treatments, economic aspect is a crucial factor for the broad application of such
technique.

Addressing this, the thesis concerns on proposing sorbents having the potential to
remove heterogeneous pollutants simultaneously, particularly taken in consideration
the limited resources in developing and emerging countries, in this study exemplified
for Egypt. For this purpose, natural clayey sediments as cheap and environmentally
friendly materials were used in combination with various organic modifiers to
produce of organically modified clayey sediments (OMCs). In contrast to the natural
clayey sediments, OMCs are expected to have the ability to remove heterogeneous
pollutants including anionic and cationic as well as organic and inorganic pollutants.
The sorbability and desorbability characteristics of OMCs were investigated for Cd**
and Pb** (cationic-), Cr,0;% (anionic-) and metalaxyl-m (MM:; organic-pollutants).

The basic clay materials in OMCs were naturally occurring kaolinitic (kao
sediment) and bentonitic (bent sediment) clayey sediments distributed widely in
Egypt. Different concentrations of the organic modifiers L-Carnitine (Carnitin),
L-Cystine dimethyl ester (Cys_ester), Methyltriphenyl-phosphonium (MTP) or
Hexadecyltrimethyl-ammonium (HDTM) were employed. The modification of natural
clayey sediments with organic modifiers increased the organic carbon contents of
OMC:s following the order Carnitin < Cys_ester < MTP < HDTM. OMCs based on
bent sediments had a higher loading of the organic modifiers than those based on kao
sediments and the loading increased with increasing the used concentrations of the
organic modifiers. To characterize and confirm the modification of OMCs, the
prepared materials were analyzed by mid infrared spectroscopy (MIRS). The obtained
spectra showed shifting of the vibration bands of the natural clayey sediments, and
depicted the characteristic vibrations bands of the organic modifiers, indicating the

interaction between the natural clayey sediments with the organic modifiers and the



successful loading. Further analysis by X-ray diffraction showed that the modification
of OMCs based bent sediments with MTP or HDTM caused an expansion of the
interlayer spacing of the clay from 14.5 A to 17.1 or 19.7 A, respectively; reflecting a
bilayer or pseudo-trimolecular arrangements of MTP or HDTM, respectively, in the
clays interlayer. The loading ratios of the organic modifiers on OMCs as a percentage
of the CEC of the natural clayey sediments were also calculated.

Following the characterization of OMCs, screening experiments were conducted
to select the suitable concentration of each organic modifier to be loaded in order to
achieve the highest removal of heavy metals. The results showed that loading of
OMCs based on kao sediments by HDTM and Carnitin at concentrations equal to or
higher than 71and 8 % of the CEC of the natural kao sediment, respectively, caused
no relevant differences in the sorption of Cd** and Pb?* compared to natural kao
sediment. However, the loading of Cys_ester and MTP at concentrations equal to 38
and 21 % of the CEC or higher increased the sorption of those metal ions. Remarkable
enhancements in the sorption of Cr,0-> were obtained by the modification of OMCs
based kao sediments with HDTM and Cys_ester. The outcome from these screening
experiments with OMCs based bent sediments can be concluded as follow: HDTM
and MTP at loading concentrations > 50 % of the CEC of the natural bent sediments
were able to remove all Cd®* and Pb®* from the solutions. However, increasing the
loading concentration of Cys ester decreased the sorption of those metal ions as
compared to natural bent sediment. OMC modified with Carnitin at loading
concentration up to 21 % of the CEC was able to remove 84 % of Cd** and 100 % of
Pb** from the solutions but a further increase of Carnitin loading decreased the
sorption of the metal ions. The OMCs modified with HDTM and Cys_ester were very
efficient in removing Cr,O;* from the solutions and the removal increased with
increasing loading concentrations of the organic modifiers.

The OMCs based on bent sediments loaded with HDTM, MTP, Carnitin and
Cys_ester at loading concentrations equal to 102, 79, 18 and 66 % of CEC of the
natural bent sediments, respectively, and in addition OMC loaded with Humic acid
(HA), were selected as promising sorbents to test the sorbability and desorbability of
OMCs with respect to the pollutants. The sorption processes were investigated as
function of the metal concentration, sorption time, the initial solution pH and the
electrolyte concentration. OMCs modified with HDTM, MTP, HA and Carnitin
showed high sorbability for Cd** and Pb**. However, OMCs modified with Cys_ester



displayed the best sorbent for Cr,0->. OMCs were successful to remove almost all
Cd?*, Pb* from the solutions at wide ranges of pH; 4-8 and 4-6, respectively, while
the optimum for the sorption of Cr,0;*> was pH 4. The Langmuir model described
adequately the observed sorption data of Cd** and Pb* on all sorbents and Cr,0-* on
OMC modified with Cys_ester better than the Freundlich model. The sorption
followed the pseudo second order kinetics with the rate constants demonstrating faster
sorption on OMCs with Carnitin and HA for Cd** and Pb** and faster sorption on
OMCs with MTP and Cys_ester for Cr,O;>. Sorption of Cd** and Pb?*, particularly
on OMCs with Carnitin and HA, were decreased with increasing electrolyte
concentrations. Whereas, increasing the electrolyte concentrations enhanced the
sorption of Cr,0;% to OMC with Cys_ester. OMCs showed ability to release the
sorbed heavy metals, which shows the potential for re-using.

The presence of other solutes in the binary and ternary component systems
strengthened the sorption of Cr,0,% on OMCs based bent sediments with HDTM and
MTP and enhanced the sorption of MM on OMCs with Cys _ester and MTP.
Competition phenomena were recorded for the sorption of Cd** and MM on OMC
with HDTM. No competition behaviours were observed in the sorption of the tested
pollutants on OMC with Cys_ester. OMCs with HDTM, MTP and Cys_ester were
able to remove Cd?*, Cr,0;* and MM simultaneously from the binary and ternary
component systems. The results indicate the prospective application of the OMCs in
the treatments of natural agricultural drainage water and industrial wastewater.



Zusammenfassung

In verschiedenen L&ndern ist die Nutzung landwirtschaftlichen Dranagewassers
und industriellem Abwasser eine etablierte Methode um die Diskrepanz zwischen
Wasserressourcen und -verbrauch zu berbriicken. Diese Wasserquellen enthalten
eine Vielzahl toxischer Schadstoffe die die menschliche Gesundheit sowie die
Umwelt beeintrachtigen konnen. Auch wenn Sorptionsverfahren als fur die
Aufbereitung dieser Wasserquellen geeignet betrachtet werden, ist der 6konomische
Faktor ausschlaggebend fiir den Einsatz dieser Verfahren. Die vorgelegte Arbeit
beschreibt, unter Beriicksichtigung der begrenzten Ressourcen in Entwicklungs- und
Schwellenlédndern, Sorptionsmittel, die die Fahigkeit aufweisen  verschiedene
Schadstoffe gleichzeitig dem Wasser zu entziehen.

Zur Herstellung der Sorptionsmittel wurden natirliche tonige Sedimente, als
kostengunstige und umweltfreundliche Materialien, in  Kombination mit
verschiedenen organischen Modifikatoren verwendet um “organisch modifizierte
tonige Sedimente” (organically modified clayey sediments: OMCs) zu erzeugen.

Im Vergleich zu natlrlichen tonigen Sedimenten sollen OMCs die Eigenschaft
aufweisen verschiedenartige organische Schadstoffe, einschlie3lich anionischer,
kationischer, organischer und anorganischer Schadstoffe zu sorbieren. Die Sorptions-
und Desorptionseigenschaften der OMCs wurden fiir Cd?*, Pb?* (kationisch-), Cr,07%
(anionisch) and Metalaxyl--m (MM; organisch) untersucht.

Die tonigen Sedimente, die zur Herstellung der OMCs verwendet wurden, sind in
Agypten natiirlich vorkommende kaolinitische (kao sediment) und bentonitische (bent
sediment) tonige Sedimente. Verschiedene Konzentrationen der organischen
Modifikatoren L-Carnitine (Carnitin), L-Cystine dimethyl ester (Cys_ester),
Methyltriphenyl-phosphonium (MTP) oder Hexadecyltrimethyl-ammonium (HDTM)
wurden verwendet. Die organische Modifikation der natirlichen tonigen Sedimente
fihrte zu einem ansteigendem Gehalt an organischem Kohlenstoff, der folgenden
Reihenfolge entsprechend: Carnitin < Cys_ester < MTP < HDTM.

Die auf bentonitischen Sedimenten basierenden OMCS wiesen hohere Gehalte an

organischem Kohlenstoff auf als die auf kaolinitischen Sedimenten basierenden



OMCs. Ebenso stiegen die Gehalte an organischem Kohlenstoff mit steigenden
Konzentrationen der organischen Modifikatoren.

Zur Charakterisierung und Bestatigung der Modifikation der OMCs wurden die
Proben mittels Mittlerer Infrarot Spektroskopy (MIRS) untersucht. Die
Spektralanalyse zeigte eine Verschiebung der der Schwingungsspektren nattrlicher
toniger Sedimente, und wies charakteristische Schwingungsspektren der organischen
Modifikatoren auf. Dies weist auf eine Interaktion zwischen den natirlichen tonigen
Sedimenten und den organischen Modifikatoren, sowie auf eine erfolgreiche
Beladung der tonigen Sedimente hin. Die Analyse mittles Rontgendiffraktion zeigte
dass die Modifikation bentonitischer Sedimente mit MTP oder HDTM den Abstand
der Tonzwischenschichten von 14.5 A auf 17.1, bzw. 19.7 A vergréRerte; dies deutet
auf eine Doppelschicht, bzw. Pseudo-trimolekulare Anordnung von MTP, bzw.
HDTM in den Tonzwischenschichten hin. Des weiteren wurden die
Beladungskonzentrationen der organischen Modifikatoren als Prozentanteil der
Kationen Austausch Kapazitat der naturlichen tonigen Sedimente berechnet.

Im Anschluss an die Charakterisierung der OMCs wurden Screening-Experimente
durchgefuhrt um die geignete Konzentration der einzelnen organischen Modifikatoren
mit Hinblick auf die Entfernung von Schwermetallen auszuwéhlen. Die Ergebnisse
zeigen dass, im Vergleich zu natlrlichen kaolinitischen Sedimenten, die Beladung
von auf kaolinitischen Sedimenten basierenden OMCs mit HDTM und Carnitin in
Konzentrationen groRer gleich 71 % und 8 % der natiirlichen KAK der kaolinitischen
Sedimente keine Unterschiede in der Sorption von Cd** und Pb?* bewirkte. Allerdings
bewirkte die Beladung mit Cys_ester und MTP mit Konzentrationen gréRer gleich
38 und 21 % der KAK eine erhohte Sorption dieser Schwermetalle. Eine beachtlich
erhohte Sorption von Cr,O;% wurde durch die Modifikation der af kaolinitischen
Sedimenten basierenden OMCs mit HDTM und Cys_ester beobachtet. Das Ergebnis
der Screening-Experimente mit auf bentonitischen Sedimenten basierenden OMCs
kann wie folgt zusammengefasst werden: Bei Konzentrationen >50 % der KAK
natlrlicher bentonitischer Sedimente bewirkten HDTM und MTP die vollstandige
Entfernung von Cd®* and Pb* aus der Losung; allerdings fiihrte eine erhohte
Beladung mit Cys_ester zu einer verringerten Sorption dieser Schwermetalle,

verglichen mit natirlichen bentonitischen Sedimenten. OMC, welches mit einer



Konzentration von bis zu 21 % Carnitin modifiziert wurde, entfernte 84 % des Cd**
und 100 % des Pb®* aus der Loésung, allerdings fihrte die weitere Erhéhung der
Carnitin-Konzentration zu einer verringerten Sorption der Metalle. OMCs die mit
HDTM und Cys_ester modifiziert wurden entfernten effektiv Cr,0,% aus der Ldsung,

und die Sorptionsrate nahm mit steigender Konzentration der Modifikatoren zu.

Auf bentonitischen Sedimenten basierende OMCs, die mit HDTM-, MTP-,
Carnitin- und Cys_esterkonzentrationen gleich jeweils 102, 79, 18 and 66 % der KAK
natlrlicher bentonitischer Sedimente beladen waren, sowie mit Huminsdure (HA)
beladenes OMC, wurden als geignete Sorbenten ausgewéhlt um die Sorption und
Desorption von Schadstoffen zu untersuchen. Die Sorptionsprozesse wurden als
Funktion der Metallkonzentration, der Sorptionszeit, des Ausgangs-pH der Ldsung
sowie der Elektrolyt-konzentration untersucht. OMCs die mit HDTM, MTP, HA und
Carnitin modifiziert wurden, wiesen eine hohe Sorption von Cd®* and Pb** auf. Jedoch
zeigte mit Cys_ester modifiziertes OMC die hochste Sorption von Cr,0;%. OMCs
entfernten Cd®* und Pb?* fast vollstandig von Losungen mit einem pH-Bereich von 4-
8, bzw. 4-6. Das Sorptionsmaxima von Cr,0;* lag bei pH 4. Das Langmuir-Model
eignete sich besser als das Freundlich-Model zur Beschreibung der Sorptionsrate aller
Sorbenten fiir Cd®* und Pb*" sowie fiir die Sorption von Cr,0-* durch mit Cys_ester
modifiziertes OMC. Die Sorption folgte einer Kinetik pseudo-zweiter Ordnung; die
Absorptionskonstanten weisen auf eine schnellere Sorption von Cd®* und Pb?* durch
OMCs mit Carnitin und HA, sowie auf eine schnellere Sorption von Cr,0,* durch
OMCs mit MTP und Cys_ester hin. Die Sorption von Cd** und Pb** wurde durch
hohere Elektrolyt-Konzentrationen beeintrachtigt, insbesondere fiir OMC mit Carnitin
und HA, wahrend eine eine Erhdhung der Elektrolyt-Konzentration zu einer erhéhten
Sorption von Cr,0;% durch OMC mit Cys_ester filhrte. Des weiteren kénnen OMCs
die sorbierten Schwermetalle desorbieren, wodurch die Wiedervertbarkeit der
Materialen moglich wird.

Die Présenz anderer gelOster Stoffe in Systemen mit zwei oder drei Komponenten
verstarkt die Sorption von Cr,0-* durch mit HDTM und MTP modifizierten OMCs
die auf bentonitischen Sedimenten basieren, und fuhrt zu einer gréf3eren Sorption von
MM durch mit Cys_ester und MTP modifizierten OMCs. Es wurde eine Konkurrenz
fur die Sorption von Cd?* and MM durch OMC mit HDTM beobachtet, allerdings



wurde keine Konkurrenz zwischen den untersuchten Schadstoffen fir mit Cys_ester
modifizierten OMCs beobachtet. Mit HDTM, MTP und Cys_ester modifzierte OMCs
konnten simulatan Cd**, Cr,0;> und MM von den Systemen mit zwei und drei
Komponenten sorbieren.

Die Ergebnisse deuten auf die Mdglichkeit eines erfolgreichen Einsatzes organisch
modifizierter toniger Sedimente fir die Aufbereitung landwirtschaftlichen
Drénagewassers, sowie industrieller Abwassers hin.



1. General Introduction

1.1 Water scarcity

Water scarcity is one of the global challenges accompanied with the climatic
changes. Middle Europe as example for countries haveing sufficient water resources
is also exposed to water scarcity and drought, where the situation is expected to
worsen with increasing temperature due to climatic changes (Anonymous®, 2007).
Furthermore, escalating water demand as result of growing population and
urbanization is aggravating the global water scarce. There are two types of water
scarcity: economic scarcity with unequal distribution of water supplies beside the
lower economy that limit utilization of some water resources. Most of sub-Saharan
Africa is an example for a region associated with this type of scarcity (Fig. 1-1). The
second type is physical scarcity by which the water resources are limited to meet the
increasing water demand. Dried and arid regions such as Mediterranean countries are
most affected by the physical scarcity (Anonymous?, 2006). According to the World
Health Organization (WHO, 2009), 1.2 billion people counted as one fifth of the
world’s population are living under physical water scarce.

The agricultural sector is consuming 50 -80 % of the available water supply in the
northern and the southern of Mediterranean countries, respectively (Hamdy and
Monti, 2005). In the past, irrigated agriculture generally played an important role in
improvement the rural economies and helped against poverty alleviation; however,
with growing population in arid and semiarid areas as in the Near East and North
Africa, as well as in Mexico, Pakistan, South Africa, China and India the increase of
irrigated agriculture lead to the aggravation of water scarcity. Meanwhile, agriculture
is the first activity suffering from the problem of water deficiency that ultimately
affects food security and obstructs poverty reduction (FAO, 2007a). Therefore, the
situation of global water shortage calls for efficient management of water resources
by finding different approaches for the efficient utilization of available ground and
surface water supplies, and, in addition, developing technologies that help for
providing other non-conventional water resources such as desalination and
wastewater treatment techniques (Drever, 2011; Oelkers et al., 2011).



Areas of Physical and Economic Water Scarcity L ittle or no water scarcity.

Abundant water resources relative to use,
with less than 25 % of water from rivers
withdrawn for human purposes.

% Physical water scarcity (water
resources development is approaching or
has exceeded sustainable limits).

B Approaching physical water
scarcity, More than 60 of the river flows
are withdrawn. These basins will
experience physical water scarcity in the
near future.

eEconomic water scarcity (human,

~ /) institutional, and financial capital limit
access to water even though water in

nature is available locally to meet human

demands).

Not estimated

Fig. 1-1 Water scarcity in the world (FAO, 2007b)

1.2 Situation in Egypt

1.2.1 Using of non-conventional water resources to overcome water
scarcity

Egypt is one of the southern Mediterranean countries under hyper-arid and arid
climatic regional conditions (Hussein, 2008). Precipitation is scarce and occurs as
scattered showers along a narrow band of the Mediterranean coasts in the winter
season and sometime as sparse floods in Sinai Peninsula and in South Egypt. Most of
the fresh water resources is obtained from Nile River by fixed amounts of 55.5 billion
cubic meter (BCM) as well as from groundwater including renewable and non-
renewable aquifers (Fig 1-2; Biswas et al. , 2008; Alnaggar, 2003). Almost 78 % of
the water supplies are allocated to agricultural activity. The water share per capita is
lower than 1000 CM /year which is equal to the international “water poverty limit”
and more decline is expected (500 CM/capita/ year) in 2025 (Assaf et al., 2004). In
general, the total water needs for different sectors are 75 BCM/year which are
expected to increase by 20 % in 2020 (MWRI, 2010).

Growing population is the great challenge facing any improvement in the country
reaching 79 million at 2007 with a growth rate of 1.9 %. Population is expected to be
120-150 million in 2050 (MWRI, 2010). Therefore the government is forced to




intensify the horizontal and vertical agricultural production to feed the growing
population, thus consequently the water demand increased. In addition, contamination
of surface and ground water is worsening the situation.

To cope with the limitation of water resources, planners are imposed to consider
any economically feasible and useful source of water which might be able to promote
further development. In this situation of water scarcity, recycling of drainage water as
well as wastewater and desalination of salty water have high importance in the
adopted national water resource plan. However, desalination of salty water is
constrained and produced only for drinking purpose in some areas due to economic
aspects. The use of drainage water is done through public stations that push drainage
water to the irrigation canals and through illegal use by the farmer at the tail ends of
irrigation canals when they have shortage in irrigation water (Abdel-Shafy and Aly,
2002). Reuse of drainage water has been implemented in Nile Delta area via pushing
it directly or after mixing it with the fresh water in the irrigation canals. El-Salam
canal, one of the largest irrigation projects, is fed with Nile water mixed with
agricultural drainage water to irrigate large areas in northern Sinai, Sahl EI-Tina and
the surroundings till EI-Arish (Abdel-Shafy and Aly, 2002). In addition, about 1.0
BCM of primary treated domestic wastewater have been already used as irrigation
water in outside Greater Cairo area (Assaf et al., 2004; Abdel-Azim and Allam,
2004). As implementation of the national plan, further increase in utilization of
drainage and wastewater in the future is intended (Table 1-1). On the other hand,
deterioration of water quality and charging drainage canal by pollutants due to
extravagant use of agrochemicals (fertilizer and pesticides), moreover the seepage of
untreated municipal and wastewater into the water bodies are threatening the water
safety utilization (Elassiouti and Khalifa, 2009). In this sense removing pollutants
from these water bodies before the utilization is an essential task.
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Fig. 1-2 Water resources in Egypt (ICID 2005)

Table 1-1 Water supplies and demands in Egypt [10° m®yr™] (Abdel-Shafy and Aly,

2002)

Nile River Annual Flow (55.50)

Groundwater in Western
Desert (0.82)

Rainfall (1.00)
Flash Flood (1.00)

I. Water supplies 1990 2000 2025
Nile water 55.5 57.5* 55.5
Groundwater:
In the Delta and New Valley 2.6 5.1 6.3
In the desert 0.5
Reuse of agricultural drainage water 4.7 7.0 8.0
Treated sewage water 0.2 1.1 2.4
Management and saving wasted water - 1.0 -
Total 63.5 71.7 72.2
Il. Water demands
Agriculture 49.7 59.9 61.5
Households 3.1 3.1 51
Industry 4.6 6.1 8.6
Navigation 1.8 0.3 0.4
Total 59.2 69.4 75.6

* After the Gungli Canal.

1.2.2 Impact of the reutilization of non-conventional water resources

Industrial wastewater effluents and drainage water contain various pollutants that

cause serious environmental problems. Pollutants (such as heavy metals, petroleum
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hydrocarbons, solvents, pesticides) can easily be transported from industrial
wastewater and agricultural drainage water through the agricultural system and
altering the quality of water, soil and food crops ending up with a potentially
hazardous impact on human health and environment.

Higher Cd and Pb concentrations than the permissible limits allowed by the European
Commission were detected in some drains at the point of its discharge to the Nile
water and irrigation water (non- or mixed with drainage water) (Badr et al., 2006;
Mohamed, 2007; Abd EI-Wahed, 2007). In their study on water quality of Ismailia
irrigation canal, Stahl and Ramadan (2008) collected and evaluated water samples
along the canal as well as discharging points of the industrial effluents. They reported
that Pb was detected in high concentrations at the discharging points.

Some studies pointed out major environmental impacts on Lake Manzala, one of the
largest Delta lakes and important source for fish in Egypt, which were caused by the
direct discharging of agricultural drainage and industrial wastewater into the lake,
resulting in a significant deterioration of water quality and disappearance of several
important species of fish (Abbassy et al., 2003; Badawy and Wahaab, 1997). Previous
studies investigated the influence of Nile water, drainage water and mixed water
(50 % Nile water + 50 % drainage water) on Pb, Cd and Ni concentrations in sugar
beet plants. It was shown that heavy metals accumulation were higher in sugar beet
roots than in leaves, especially when irrigated with drainage water was mixed (Zein et
al., 2002). Generally, concentrations of heavy metals (Cd, Cr, Pb and Ni) in plants
grown in farms irrigated with wastewater for many years were higher than those in
plants grown in farms irrigated with well water (Badawy and Helal, 1997; El-
Motaium and Badawy, 2000). Other studies have shown that concentrations of heavy
metals in sugar beet, canola, sunflower, soybean, cotton, wheat and maize plants were
augmented with increasing the irrigation periods with industrial or mixed sewage and
agricultural wastewater (Abd EI-Wahed 2007). Mohamed (1998) found that total Cr
in sandy soil irrigated by Cairo sewage effluent for 23 and 75 years increased between
1.3 and 15.6 times as compared to the soils irrigated by high quality water (see Abdel-
Sabour, 2007). According to WHO, poor environmental quality is a main cause of one
fourth of the avoidable ill health in the world (Anwar, 2003).

A significant challenge facing Egypt is to keep appropriate balance between the
sustainable re-use of agricultural drainage and wastewater for food security and
environmental safety and health. Thereby, adequate wastewater treatment through
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inexpensive and simple technologies is needed and important to accomplish the future

governmental plan under water management and pollution control.

1.3 Pollutants of interest

1.3.1 Priorities of pollutants’ selection

In many cases, drainage and wastewater effluents contain mixture rather than
mono type of pollutants (Max Roundhill, 2001; Oyanedel-Craver and Smith, 2006).
Therefore the priority of the pollutants selection was done on the base that they
possess the following items:

- They are commonly present in all drainage and wastewater worldwide and
particularly in Egypt.

- They represent two general types organic and inorganic pollutants

- They have different chemical properties and structures: cationic, anionic and
neutral pollutants.

- They are classified as hazards for environment and human health.

1.3.2 Inorganic cationic pollutants

1.3.2.1 Cadmium

Cadmium is known as an extremely toxic metal even in low concentrations. It is
recorded as number seventh of the priority list of hazardous substances
(ATSDR, 2011), which include most significant potential threat to human health, that
listed by “The Comprehensive Environmental Response, Compensation and Liability
Act” (CERCLA). According to WHO, cadmium is mainly absorbed in the human
body through ingestion of contaminated food. It accumulates mainly in kidney and
liver with long biological half-life causing renal cortex disorder and kidney damage
(Mahvi et al., 2008; WHO, 2010). Moreover, the high accumulation could lead to
interrupt calcium metabolism and causes osteoporosis and kidney stone (WHO,
2010). Cadmium is brought to the water canals through the discharge of sewage
effluent and industrial wastewater effluent, e.g. paint pigments for electroplating or
plastic industry, smelting and mining processes, battery manufacturing and oil, soap
and fertilizers factories. World Bureau of Metal Statistics has reported an
enhancement in the industrial use of cadmium from 18400 tons in 2003 to 20400 tons
in 2007 (Moulis and Thévenod, 2010). Cadmium was detected in different water

bodies in Egypt including most of the agricultural drains and mixed water canals for
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irrigation purposes (Abd El-Wahed, 2007; Mansour and Sidky, 2003; Abdel-Azeem
etal., 2007; Abdel-Sabour etal., 2001; Sharaf, 2002; EI-Sharawy etal., 2004).
According to the Egyptian law 48/1982, levels of cadmium in the mentioned canals
are higher than the permissible limit (0.01 mg I™%).

1.3.2.2 Lead

Lead and lead containing compounds are very toxic for human health and the

environment. It causes inhibition of some enzymes activity and disruption in the
nervous system resulting in severe health problems, ending up by death. Further, it
accumulates in bones, brain and muscles and leads to axonal degeneration,
demyelination, cerebral oedema and congestion. Beside that it causes lower 1Qs,
behavioural changes and concentration disorder in children (Guptaet al., 2001;
Lenntech, 2011). CERCLA has listed lead as No. 2 out of 783 materials in its priority
list of hazardous substances. Generally, lead exists as organic and inorganic
compounds. The organic form converts quickly to inorganic ones when it is brought
into water bodies. It is detected in significant amounts in plants where accumulates
and limits chlorophyll synthesis. Half of the human lead exposure is caused by food
(Lenntech, 2011).
Discharging effluents of the industrial activities, such as mining industry, petroleum
production, battery, computer and TV screens manufactories, and paint and
electroplating process, are important pathways of lead to irrigation water. Lead was
detected in many drain canals in Egypt. It was detected in high amounts in Baher EI-
Bakar, Umoum, Mosturud drains as well as in Elgabal-Elasfar drain with
concentrations exceeding the permissible limit reported in the 48/1982 law of Egypt
(Abd EI-Wahed, 2007; El-Sharawy and Elbordiny, 2001; Abdel-Sabour et al., 1996;
Elewa, 2010).

1.3.3 Inorganic anionic pollutant

1.3.3.1 Chromate (V1)

Chromate is the anionic form of chromium (VI), soluble in water, bioavailable to
organisms, and strongly affected by the media pH and redox conditions (Leung,
2010). Chromate receives a special environmental concern because it induces
oxidative stress that leads to cell damage and toxicity for both plants and animals even
in low concentrations (Panda and Choudhury, 2005). It is considered as No.17 out of

783, according to the priority list of hazardous substances for human and environment
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reported by CERCLA (ATSDR, 2011) and is classified as human carcinogen by
WHO (Tashauoei et al., 2010). Ingestion of chromate causes stomach pain, ulceration
and haemorrhage and may lead to cardiovascular shock. It may cause necrosis and
damage of kidney or liver (WHO, 2000). Anthropogenic activities such as stainless
steel production, electroplating, tanning, wood preserving, bleaches and detergents
production, textiles and corrosion inhibitors in cooling water are sources releasing
chromate to the environment (Abdel-Sabour, 2007). In assessment of the effect of
industrial waste discharges on water bodies quality, chromate was detected in Nile
water near Assiut in Upper Egypt (Abdel-Shafy and Aly, 2002). Abdulla et al. (2010)
found chromate (I111) and chromate (V1) in high concentrations in tannery effluents
while Abou-Elela et al. (2008) detected 38.9 mg I"* of chromate in the final effluent of
one of the largest metal plating company located in El-Sadat City, North of Cairo,

Egypt.
1.3.4 Organic pollutants

1.3.4.1 Metalaxyl-m

Metalaxyl-m, N-(2,6-Dimethylphenyl)-N-(methoxyacetyl)-D-alanine methyl ester,
belongs to the phenylamide chemical group and is known by the trade name “Ridomil
plus”, is a widely used systemic fungicide that has a broad activity spectrum. The
isomeric mixture of this substance has the common ISO name metalaxyl, and the fate
of metalaxyl can be accepted to depict the metabolism and the fate of metalaxyl-M
(Anonymous®, 2011; Hamilton, 2004). It is used for disease control in different crops,
ornamentals, horticultural plants and vegetables such as potato, tomato, cotton,
lettuce, peppers, avocado, citrus and vines, also for seedling treatments like maize,
peas, sorghum and sunflowers through foliar and soil application (Anonymous®,
2011). It is stable to hydrolysis up to pH 7 even at 50°C, not degradable by light, and
has a high stability in wide range of pH and temperature. Therefore, its use increased
worldwide as well as in Egypt (FAO, 2004). However, due to its high mobility in
soils, especially that contain low organic matter, it has a great tendency to leach and
contaminate the ground water as well as the drainage water particularly after
extensive fungicide application (Sukul and Spiteller, 2000). Furthermore, it has a high
residual level particularly in green house cultivated plants (Massoud et al., 2008;
Ismail and Badr, 2004; Nikologianni et al., 2010). In metabolism studies in plants

after fungicide application, metalaxyl-m alone/and its residual ingredients were
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detected in lettuce, potato, grapes and grape juice (FAO, 2004; Dasgupta et al., 2011).
Moreover, metalaxyl is accounted as one of the major hazardous pesticides in cotton
(Anonymous®, 2007). Animals' livers are the main target of metalaxyl. In an
investigation on the toxicity effect of fungicide on mammals, Lamfon (2011) reported
that metalaxyl and its metabolites caused blood vessels congestion, necrosis and
adipose degeneration, strong reduction of the activity of antioxidant enzymes and
superoxide dismutase in the liver of treated albino mice. Other studies stated the co-
carcinogenic potential of metalaxyl in Swiss albino mice (Paolini et al., 1996). Ahmed
et al. (2010) found a high resistance of metalaxyl degradation in Egyptian soils
particularly in soils with low microbial activity.

1.4 Remediation of low quality water

1.4.1 General remediation techniques

Mainly there are two remediation techniques of wastewater, biotic and abiotic.
The biotic technique depends on microorganisms and/or plants via bioremediation and
phytoremediation processes. Bioremediation includes microorganisms, called
bioremediators, which have the ability to break down contaminants or to assimilate
them in their bodies. This technique is effective to remove organic substances from
water and minimizing the toxicity of ammonia, nitrite, hydrogen sulfide and methane
(Reynolds, 2002). Wetland is an example for the phytoremediation process, in which
the plants have the ability to bio-concentrate pollutants in high amounts from the
contaminated water via sequestering them in the vacuoles or by the binding of metal-
proteins and metallothioneins, (Aiyen et al., 2002; Lasat, 2000; Liao and Chang,
2004; Olguin and Séanchez-Galvan, 2010). Those types of plants belong to group
called hyperaccumulators. Although the biotic technology showed a remarkably
removal of pollutants due to the availability of the materials (plants and
microorganisms) and the decomposition of the pollutants to the harmless substances,
it has disadvantages that led to the need for other methods to clarify polluted water.
Biotic technologies depend on climatic conditions and might need long times to get a
significant remediation. The consumption of the harvested plants might be a threat to
human health and the deleterious effect of the contaminated plant residuals remain in
the long run (Singer, 2003).

Abiotic is an alternative expeditious technique that is used largely in

remediation of industrial wastewater. It is based mainly on chemical and physical
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processes such as ion exchange, electrochemical, electrocoagulation,
oxidation/reduction, filtration, reverse osmosis, membrane and adsorption
technologies (O’Connell et al., 2006; Dermentzis etal.,, 2011). Owing to their
application possibility and simplicity, ion exchange and adsorption are the most
applied techniques in wastewater treatments (Simonovi¢ et al., 2009). Activated
carbon is one of the extensively used adsorbents in this application since it showed
significant removal of organic and inorganic contaminants from different origins of
polluted water (Weber, 1974; Marzal et al., 1996; Khan et al., 1997; Singh and
Yenkie, 2004; Ahnetal., 2009; Zhang et al., 2011). Despite the efficiency of this
adsorbent, the cost and the less availability of the material are major obstacles that
limit its application, especially in small scale fields (O’Connell et al., 2006). Clay
minerals (Sanchez et al., 1999; Auboiroux et al., 1996; Zhao et al., 2011) activated
alumina (Luisa et al., 2003) and oxide and hydroxide minerals (Lazaridis et al., 2005)
were also used as effective adsorbents for heavy metals. Recently, several researchers
developed natural and cheaper adsorbents for heavy metal removal such as natural
zeolite (Erdem et al., 2004), polysaccharide derivatives (Crini, 2005), natural clay
(Bedelean et al., 2009), biosorbent materials (Dhabab, 2011; Senthilkumar et al.,
2010), chitosan (Nomanbhay and Palanisamy, 2005; An and Dultz, 2007), cellulose,
industrial and agricultural wastes (Sud et al., 2008). The use of the these raw and
natural materials is still limited due to the lake of knowledge about their availability,
dosage, quality and behavior and also the opportunity to be regenerated after using
(Bedelean et al., 2009).

1.4.2 Clay minerals and natural clays as potential adsorbents

Utilisation of clay and clay minerals have been defined in different environmental
issues since a long time. They were used for radioactive waste disposal and water
purification, particularly as flocculants and adsorbents for the turbidity and disease-
bearing organisms (Bergaya et al., 2006). Because of their availability in soil
components and their wide physical and chemical characteristics, clay and clay
minerals were used widely as barriers in landfills to immobilize pollutants in the
leachate from going deeper through subsoil to groundwater (Barbier et al., 2000).
In addition, several studies showed the capability of clay minerals; i.e. kaolinite
(Srivastava et al., 2005), vermiculite (Malandrino et al., 2006), illite, beidellite and

montmorillonite (Rybickaetal., 1995) as adsorbents of cationic pollutants from
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aqueous medium. Owing to its large specific area and higher cation exchange
capacity, montmorillonite among different clay minerals has a wide application in the
removal of heavy metals from wastewater (Bhattacharyya and Gupta, 2008).

As natural adsorbents, clay sediments and natural occurring clays have a significant
role to immobilize different types of contaminants such as nuclear elements
(Abd-Allah et al., 2007) and cationic pollutants (Shama and Gad, 2010; Kamel et al.,
2004; Zahra et al., 2008).

In general, heavy metals are adsorbed on the clay minerals by two main mechanisms,
ion exchange and specific adsorption, whereas they form inner-sphere and outer-
sphere complexes on the layer edges and interlamellar surfaces of the clays
(Schlegel et al., 1999; Farrah et al., 1980).

In soils, clay and organic matter are main components, which play an important
role in retaining contaminants (Shengetal., 2001; Sharma and Awasthi, 1997;
Monkiedje and Spiteller, 2002). This urged the attention for the modification of clay
minerals by organic compounds to enhance their removal capacity of organic
pollutants from wastewater. There have been considerable efforts in developing
modified clay minerals based sorbents for the removal of those pollutants. A common
method to increase the removal efficiency of clay is replacing the clay’s natural
inorganic exchangeable cations by organic cations with alternative surface properties
(YYariv and Cross, 2002)

Removal of organic and inorganic contaminants from aqueous origins are affected
by several factors. Abollino etal. (2003) reported that Na-montmorillonite is an
efficient adsorbent for Cd, Pb, Cr, Cu, Mn, Ni and Zn, with the solution pH being one
of the important factors affecting the adsorption process. In addition to solution pH,
two other factors, different initial heavy metal concentrations and the existence of
major elements (Ca, Mg, Al and Fe), affect the adsorption process. This was shown
by Zhu et al. (2011) in their investigation on the competitive sorption among Cu, Pb
and Cr simultaneously on Na-montmorillonite. Sheng et al. (2002) demonstrated that
hydration energies of interlayer cations played a strong role on the adsorption of
dinitrophenol herbicide (4,6-dinitro-o-cresol) on reference smectite clay. The weakly
hydrated cations (e.g. K" and Cs") led to a higher adsorption than the strongly
hydrated cations (e.g. Na* or Ca").
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1.5 Distribution of clay sediments in Egypt

1.5.1 Kaolinitic sediments

Kaolinitic deposits are clays composed essentially of kaolinite minerals, which are
non-expandable layer silicate minerals of 1:1 types, consisting of one octahedral and
one tetrahedral layer. These deposits have a white colour, which may change due to
existence of impurities. The shale might contain quartz, feldspars and/or muscovite
minerals in small amounts (see EI Nahry, 2007). Kaolinite is used for many industries
such as ceramic, paper, rubber and textiles fabrics. In medical preparation, kaolin may
be used as basis for different disinfectant powders and as an adsorbent to bind
gastrointestinal toxins (Naser and Chukri, 1954). The ore spreads in many localities in
peninsula of Sinai. The reserves are presented in Fig. 1-3. It is found as alternating
beds with thick sandstone beds in EI Teeh and Abu Zeneima (including Khbboba,
Mossabba Salama, Gabal Hazbar, Abu Anskar, El Eseila, Farsh el Ghuzlan,
El Deheesa, El Shallal, Nagb Budra and Umm Algan sites). The reserve estimates in
these two sites are 100 million tons (Fawzy and Naim, 1993). The Gabal ElI Gunna
area is another important reserve in Sinai. Further, Kaolinite shale is discovered (Fig.
1-4) in Abu EI Reesh and Kalabsha areas, southern Egypt (El Gundy et al., 1994).
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1.5.2 Bentonitic sediments

Bentonites are types of shale largely composed of montmorillonites, which are 2:1
phyllosilicate mineral types consisting of one octahedral layer in the centre between
two tetrahedral layers. Bentonite deposits may contain some gangue minerals like
calcite, gypsum and/or kaolinite as well as quartz, illite or feldspar as minor
components. The quality of the ore is defined by the percentage of montmorillonite
which differs by location. Bentonite is characterized by several features, such as
swelling ability as result of water adsorption and de-colorization, which led to its
utilization in many fields. Bentonitic shale exist as horizontal layers either outcrop or
subsurface with a thickness of 2—20 meters. The outcrop bentonites have a
yellowish-green, greenish or reddish grey or grey color and at depth it is bluish-green
and lighter colored after drying. The age of the Egyptian bentonite extended from the
upper to lower Eocene as in El-Fayoum and from lower to medium Miocene as in
Abu-Zeneima and Alexandrea desert road areas. The reserve of this material in Egypt
is estimated by 63 million tons (Kandeel, 1989). Egyptian bentonite deposits
Fig. (1-4) are distributed in several localities (Hassan and Abdel-Khalek, 1998;
Kandeel, 1989; Tahoun et al., 2005; Abdel-Motelib et al., 2011). Qasr El-Sagha, Kom
Osheim and Tamya Shaloufa, kaser EI-Basein, wadi Rayan in EI-Fayoum governorate
are the important reserves (Fig. 1-5). In addition, Alexandria desert road, Al-Suez
desert road (Katameia), Aun-Musa, Gabal Hamdal of Abu-Zeneima in Sinai, Maadi,
Helwan, south and southwest Alameen, south of EI Hammam city in Western Desert,
New Valley, As-Sibaiyyah, Edfu and EI Minia governorate areas have been utilized to
quarry bentonites.
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1.6 Objectives of the thesis

With the shortage of water especially in developing countries, the development of
proper methods for low quality water treatment techniques, taking into account
environmental and the economical aspects, is a key goal to maintain the sustainable
use of the non-conventional water resources. The previous mentioned literature
demonstrated that clays may be considered as remarkable adsorbents for heavy
metals. However, they have lower capability to remove anions as well as hydrophobic
or neutral pollutants, giving attention to the importance of clay modification to
enhance their adsorption. In two studies the ability of organo clays prepared from
three natural organic substances were investigated (Cruz-Guzman etal. 2004 and
2006). L-carnitine (Carnitin), L-cystine dimethyl ester (Cys_ester) and thiamine, in
combination with a reference montmorillonite clay mineral were used to remove the
herbicide Simazine, as well as Hg** and Pb*, individually, from aqueous solution.
The authors reported that all adsorbents were effective to remove simazine and Hg?*,
while only montmorillonite treated with Carnitin was able to take up Pb* as
compared with the untreated montmorillonite. Nevertheless, up to the knowledge of
the author of this study, no investigation was done so far on optimizing the adsorption
conditions by studying the needed contact time or the effect of changing pH and
electrolyte ionic strength on the adsorption efficiency. No other heavy metals except
Pb** and Hg removals were investigated by clay mineral modified with those natural
organic substances. Furthermore, the usage of these organic substances to modify any
other types of clay minerals or clay sediments (as cost effective source of clay
minerals) to produce adsorbents was not reported before. Wastewater is commonly
contaminated by different varieties of pollutants (Oyanedel-Craver and Smith 2006).
In developing countries it is crucial to use adsorbents which are prepared from
available materials and which have the ability to remove heterogeneous pollutants
simultaneously. Only limited information is available on the removal of
heterogeneous pollutants simultaneously from wastewater, in particular on the
removal of cationic and anionic inorganic as well as organic pollutants by clay
sediments modified with organic substances. To maintain the synthesis simplicity,
economic feasibility and the environmental quality, adsorbents based on naturally
occurring Egyptian clayey sediments differ in their mineralogical composition have
been prepared and used in the current study. The clayey sediments in combination

with L-Carnitine, L-Cystine dimethyl ester or humic acid as natural organic modifiers
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or Methyltriphenyl-phosphonium or Hexadecyltrimethyl-ammonium as synthetic
organic modifiers were used for the synthesis of organically modified clayey
sediments (OMCs). After preparation of OMCs their efficacy to remove cationic and
anionic inorganic pollutants as well as organic pollutants simultaneously from
aqueous solution was evaluated. The thesis is subdivided into five chapters and the
objectives are to:

- Select the prospective OMCs in which the loading ratio of each organic modifier to
clayey sediments will achieve a high potential of pollutants sorption.

- Evaluate the sorption capacities of the prospective OMCs to take up Cd**, Pb** as
cationic pollutants, Cr,O;* as anionic pollutant and Metalaxyl-m (MM) as organic
pollutant, individually, in comparison to those of the natural clayey sediments.

- Test the regeneration ability of the loaded prospective OMCs with pollutants.

- Figure out to which extend the sorption of Cd**, Pb** and Cr,0;*, individually, can
be enhanced by changing the sorption conditions such as pH, contact time and
electrolyte type and concentrations.

- Quantify the potential removal of Cd**, Cr,0;* and MM by the prospective OMCs
from their binary and ternary component systems and relative to those achieved
from the single component systems with low and high initial pollutants
concentrations.

- Investigate the sorptive selectivity of the prospective OMCs to the pollutants under

study.

The thesis outlines are as follow: Chapter 1 is a general introduction including the
water scarcity problem in the world and in Egypt particularly, the pollutants of
interest (their environmental hazard, existence and influences in Egyptian water
bodies), distribution of the clay sediments in Egypt as suggested sorbents.

Chapter 2 is concerning mainly on the preparation and characterization of OMCs.

In chapter 3, adsorption isotherm and desorption experiments were conducted to
quantify the capacity of the prospective OMCs to take up Cd**, Pb®* and Cr,0-> from
aqueous solutions. Further, several sorption experiments were carried out to study the
effect of different factors such as heavy metal concentrations, pH, electrolytes
concentrations and contact time on the sorption process. Moreover, the removals of
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Cd** and Cr,0;* from their binary component systems were performed to study the
competitive effects.

Chapter 4 is mainly investigating the sorption isotherm of MM fungicide by the
prospective OMCs. In addition to that, the simultaneous sorption of organic and
inorganic pollutants were studied, taken in consideration the effect of different initial
pollutants concentrations. Chapter 5 is general discussion and outlook.
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2. Preparation and Characterization of Organically Modified
Clayey Sediments (OMC:s).

2.1 Abstract

Naturally occurring clayey sediments instead of defined clay minerals were
proposed as basic materials for the syntheses of organically modified clayey
sediments (OMCs). The basic materials were loaded by different concentrations of
organic modifiers: L-Cystine dimethyl ester (Cys_ester), L-Carnitine (Carnitin),
Methyltriphenyl-phosphonium (MTP) and Hexadecyltrimethylammonium (HDTM).
The OMCs are produced to be used for the removal of pollutants from aqueous
solutions.

The characteristics of OMCs were studied by X-ray diffraction (XRD) and mid
infrared spectroscopy (MIRS) techniques. Contents of the organic carbon (%) and the
loading of the organic modifiers as ratio of the cation exchange capacity (CEC) of the
natural clayey sediments were also determined. Screening experiments were designed
for the sorption of Cd**, Pb** and Cr,0-* on the synthesized OMCs as function of the
added concentrations of the organic modifiers. The screening experiments were
conducted to find out the optimal loading of each organic modifier by which the
highest removal of pollutants could be achieved.

The characterization of the two natural clayey sediments confirmed that as a main
component one material consist of smectite [bentinitic (bent) sediment] and the other
of kaolinite [kaolinitic (kao) sediment]. MIRS spectra of OMCs depicted the
absorption bands corresponded to the natural clayey sediments as well as to the
organic modifiers, indicating the successful preparation of the OMCs. Changes in the
basal spacing were indicated by the XRD patterns scanned for the OMCs based bent
sediments compared with the natural bent sediment, suggesting different
arrangements of the organic modifiers in the interlayer. Increasing the added
concentrations of the organic modifiers induced an increase of the content of organic
modifiers on OMCs based kao or bent sediments relative to the natural clayey
sediments. The loading of organic modifiers on the OMCs based bent sediments were
higher than those for the OMCs based kao sediments. The content of the organic
modifiers on the OMCs followed the order HDTM-> MTP-> Cys_ester- >
Carnitin-OMC.
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The results obtained from the screening experiments with OMCs based kao
sediment showed that increasing loading of MTP and Cys_ester on OMCs improved
the sorption of Cd**, Pb®* and of Cr,0;* relative to the natural kao sediment. OMCs
with Carnitin and HDTM achieved sorption of Cd** and Pb* similar to that of the
natural kao sediment. Among all treatments, the modification with HDTM improved
the sorption of Cr,0;% by eleven fold compared with the natural kao sediment. The
results from the screening experiments with OMCs based bent sediments
demonstrated that the OMCs with HDTM and MTP at any loading concentrations
were efficient to remove almost all Cd** and Pb?* ions provided in the sorption
experiments. OMCs with Carnitin up to loading ratio equal to 21 % of the CEC of
bent sediment had the ability to remove all Pb®* and 84 % of Cd** ions from the tested
aqueous solutions. The sorption of Cd** and Pb®* by OMC decreased with increasing
loading of Cys_ester. In contrast, increasing modifiers concentrations on the OMCs
with HDTM, MTP and Cys_ester improved significantly the sorption of Cr,0;* as
compared with the natural bent sediment.

The results showed great influence of the modifier type and loading
concentrations on the sorptive properties of the OMCs

2.2 Introduction

Clay minerals and clayey sediments are generally considered as the most
important soil components retaining soil pollutants. They represent natural barriers
due to their small grain size, their high chemical and mechanical stability, their large
specific surface area, their surface charge and their chemical reactivity permitting
them to immobilize contaminants like heavy metals. In addition, clayey sediments
contain different percentages of other reactive compounds that fix or immobilize
heavy metals such as Fe- and Mn-oxides and -hydroxides and carbonates (Mahdy,
2004).

The sorption capacity of clay is generally determined by its chemical nature and
pore structure. The pore structure, such as the nature and volume of pores, is a
predominant factor for gas-phase sorption. In contrast, the chemical properties of the
surface groups affect the sorption from the liquid phase (Lin and Juang, 2002).

Because of the surface characteristics and the net negative charge of clay
minerals, they are capable of adsorbing cationic inorganic pollutants but have
limitations in removing anionic and organic pollutants from polluted water. To
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overcome these limitations, acid activation and/or loading of the clay with organic
cations have been used to modify the surface properties of clay minerals. This
modification changes the sorption affinity of clays towards organic and inorganic
pollutants (Krishna et al., 2001; Arfaoui et al., 2008).

Several authors reported changes in chemical properties after loading clay
minerals with organic modifiers. Jiang et al. (2002) studied the development of
modified montmorillonites by loading them with polymeric Al/Fe species in the
absence and presence of Hexadecyltrimethylammonium (HDTMA). They found that
intercalating montmorillonites with polymeric Al/Fe species increased the clay’s
surface area. On the other hand, loss of surface area was observed for
montmorillonites, when intercalated with HDTMA, polymeric Fe/[HDTMA,
polymeric AI/HDTMA and polymeric Fe/AI/HDTMA. Oyanedel-Craver and Smith
(2006) found that quaternary ammonium cations (QAC) loaded at different
percentages of the clay’s cation exchange capacity (CEC) affected the surface charge
of the clays. Loading of benzyltrimethylammonium cations (BTEA) increased the
negative charge on the surface of BTEA-bentonite relative to the untreated clay,
whereas a higher portion of QAC loading on HDTMA-bentonite caused an increase of
positive charge. In addition, Lee et al. (2004) and Rytwo et al. (2005) demonstrated
that the sorption properties of organo-clays for organic contaminants significantly
depend on the amount and size of the organic compounds used for the production of
organo-clays.

The type and the concentration of the organic modifiers is a key factor to produce
effective modified clays in removing heavy metals. Oyanedel-Craver and Smith
(2006) studied the sorption of Pb, Cd, Zn and Hg to HDTMA-bentonites as a function
of HDTMA loading at 25, 50 and 100 % of the clay's CEC. They reported that
sorption of Cd, Pb, and Zn metal ions to 25 % HDTMA bentonite was similar to or
greater than sorption to untreated Ca-bentonite. The adsorption decreased with
increasing loading of the HDTMA. In contrast, the loading percentage of the organic
cation had no effect on Hg adsorption. Erdemoglu etal. (2004) investigated the
removal of Pb* ions from aqueous solutions using pyrophyllite modified by coating
with  3-(2-aminoethylamino)  propyl-methyldimethoxysilane (APMDS-modified
pyrophyllite). The APMDS-modified pyrophyllite adsorbed about 93 % of Pb*" ions
at an initial concentration of 20 mg I™*, while natural pyrophyllite adsorbs only 35 %
under the same conditions. In their study on the removal of Pb* and Hg* by
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organo-clays, Cruz-Guzméan et al. (2006) concluded that organo-clays prepared from
reference montmorillonite in combination with functionalized organic materials
adsorbed Hg®* very effectively. In contrast, most of the organo-clay complexes were
not effective to adsorb Pb*, except the montmorillonite treated with organic materials
which possessed carboxyl groups.

Clayey sediments as natural and economical sources of clay minerals have been
suggested as effective sorbents for heavy metals, whereby the adsorption efficiency
was greatly affected by the source of clay sediments (Abd-Allah et al., 2005, 2007,
2009a and 2009b; Bahgeetetal., 2005). Studies were proposed for thermal
transformation and acid washing treatments to increase the affinity of natural
Egyptian clays for the removal of heavy metals (Abdallah, 2006; Talaat et al., 2011).
However, little information is available on the characteristic changes of clay
sediments that occur after the modification with organic substances and the
importance of these changes on the increases of sorption of anionic and organic
pollutants.

In this study, two locally available clayey sediments representing two groups of
clay minerals, kaolinitic and bentonitic clays, which are distributed widely in Egypt
instead of defined purified and/or processed clay minerals were investigated. The
clayey sediments were loaded with L-Carnitine, L-Cystine dimethyl ester,
Methyltriphenyl-phosphonium or Hexadecyltrimethylammonium organic modifiers to
prepare organically modified clayey sediments, which were later used for removing
organic and inorganic pollutants from wastewater. The study is divided into a series of
papers from which this first one focuses on the preparation and the property change of
the clayey sediments after modification. The following hypotheses were tested:
I) Modification of the clayey sediments by organic modifiers changes the
mineralogical and chemical characteristics of clays and I1) the sorption of cadmium,
lead and dichromate to the clayey sediments is affected by the type and the
concentration of the organic modifiers.

2.3 Materials and Methods

2.3.1 Materials
2.3.1.1 Clayey sediments

Two natural clayey sediments were collected from different localities in Egypt.
The first sediment was collected from Sinai, Egypt (29° 13’ 10” N and 33° 20’ 18" E)
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and is referred to as kao sediment. The second was collected from Qaser el-Sagha
(29° 34’ 06” N and 30° 49’ 52" E), El-Fayoum, Egypt and is referred to as bent

sediment.

2.3.1.2 Organic modifiers

The four organic modifiers used in the study are described in table 2-1.

Table 2-1 Organic modifiers used in this study

Organic modifier type Acronym Structure* MW**
I+
N“'\.
Hexadecyltrimethylammonium chloride® HDTM C@/V \ 320.01
HzN !H H )’NHg
L-Cystine dimethyl ester dihydro-chloride? Cys_ester ~ Hco. M._s-s M oow, 34128
o] o]
. HSC\r\l’fm3 ?H coo
L-Carnitin? Carnitin wd 197.66
MTP : P : 312.78

Methyltriphenyl-phosphonium chloride?

* Provided by online Database of Chemicals from Around the World (http://www.chemblink.com, 04 — 04 - 2011).

** Molecular weight
! Analytical grade, provided by Fluka
2 Analytical grades, provided by Sigma & Aldrich, Germany

2.3.2 Methods

2.3.2.1 Preparation of organically modified clayey sediments

The collected clayey sediments were pulverized to pass through a 63 pum sieve.

The materials were analyzed for their chemical and mineralogical properties (see

2.3.2.2.). In order to eliminate the effect of the different natural exchangeable

inorganic cations on the modifier sorption process, sodium exchanged clayey

(Na-clay) sediments were prepared by saturating and centrifuging the materials three

times with 1 M NaCl, followed by washing three times with ultrapure deionized

water. The resulting suspensions were transferred into dialysis tubes (Servapor
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dialysis tubing, MWCO 12000 - 14000 ) inserted into an aerated water bath with daily

changing of the water until this water was free of CI" (Photo 2-1).

Photo 2-1. Dialysis tubes system for washing Na-clay suspensions free of CI’

Afterwards, the clayey sediments were oven dried at 70 °C, ground again with an
agate ball-mill (Retsch MM 30, Germany) for 3.5 min and then used for the
preparation of the organically modified clayey sediments (OMCs). The OMCs were
prepared by modification of the Na-clays with solutions of the four organic modifiers,
described in Table 2-1, in five different concentrations (see next paragraph) using 1 %
w/v ratio.

The solutions were prepared by dissolving 3, 5, 8, 10 and 14 mmol of the organic
modifiers in 1 L of 1 mM HNOg3. The diluted acid was used to obtain the protonated
form of the organic modifiers as reported by Cruz-Guzméan etal. (2004). The
solutions were then added to the Na-clay suspensions and shaken at room temperature
for 72 h. Control samples (H-clay) were prepared by suspending the Na-clays in
HNO3; with no organic modifier. Afterwards, the suspensions were centrifuged,
washed with ultrapure deionized water several times and freeze dried. Before using
the OMCs for the following sorption experiments, the samples were ground for 1.5 —
2.3 min using agate ball-mill and kept in plastic vials under dry conditions.

2.3.2.2 Characterization of natural and organically modified clayey sediments

Elemental composition of the natural clayey sediments was done by X-ray
fluorescence (XRF) using Siemens SRS 200 instrument. To prepare XRF tablets, four
Cio-tablets (= 1.333 g) were mixed with double weight (= 2.666 g) of clayey
sediments (dried at 105°C) in a micro mill for 5 min. The ground materials were
pressed with 3x10* kg for 5 min. Afterwards, tablets were measured and data were
processed using the software spectra 3000 v2.0, 1986-1995.
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X-ray diffraction (XRD) patterns were recorded for the natural clayey sediments
as powder preparations in the scanning range of 2 -60°26 and as oriented clay
preparation in the scanning range of 2 - 36° 20 using a Bruker-AXS D-500 Siemens
diffractometer with a Cu-Ka radiation (50 mA and 33 kV) source. For distinguishing
the diagnostic d-spacing in the natural clayey sediments, oriented preparations of the
clay fraction (<2um) were analyzed after various pretreatments: magnesium
saturation (Mg-air dried), Mg—glycerol- salvation (Mg+Gly), potassium saturation
(K-air dried) and potassium saturation heated to 600 °C (K+600°C). The minerals
identification was done by data processing using the software Diffrac At ver 3.3
socabim 1986-93 and Seifert Analytical X-ray Autoquan.

OMCs based bent sediments in combination with 10 mM Cys_ester, 5 mM
Carnitin, 5 mM MTP or 5 MM HDTM were subjected to XRD analyses and denoted
as Cys_ester-, Carnitin-, MTP- or HDTM-bent, respectively. XRD analyses of OMCs
were performed as oriented preparation in scanning range of 2 - 36° 20. Whereby,
OMCs suspensions (1:50 w/v) were deposited after sonification without previous
treatment onto porous ceramic tiles, followed by drying at ambient temperature.

Mid infrared spectroscopy (MIRS) spectra were obtained on the natural kao and
bent sediments, organic modifiers (pure substances) and OMCs using the diffuse
reflectance method. OMCs were prepared from both sediments in combination with
the organic modifiers at concentrations similar to those used for the XRD analyses.
Samples for MIRS analysis were dried overnight at 32 °C. Spectra were recorded on a
Tensor-27 (Bruker Optik GmbH, Ettlingen, Germany) Fourier transform spectrometer
with a potassium bromide (KBr) beam splitter and a liquid nitrogen cooled mid-band
mercury-cadmium-telluride detector. The spectrometer was mounted with a Praying
Mantis diffuse reflectance chamber (Harrick Scientific Products, New York, USA)
purged with dry air via a compressor (Jun-Air International, Ngrresundby, Denmark)
at 200 | hr''. Wavenumbers from 4000 to 600 cm™ were recorded at a resolution of
4 cm™. A single spectrum was produced from 16 co-added scans. Three separate
spectra were measured for each sample by measuring, returning the sample to the
sample container, mixing, and again placing in the measurement cup. Figures of
MIRS spectra represent an average of the three replicate analyses. Spectral pre-
processing included atmospheric correction for carbon dioxide (CO,) and water,
normalization and baseline correction via the rubber band correction method
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excluding CO, bands using the spectral processing software OPUS version 6.5
(Bruker Optik GmbH).

Chemical properties of the natural clayey sediments were analyzed according to
Hoffmann (1991). pH was determined in sediment-water suspension 1:2.5 w/v using
a glass electrode pH meter (digital-pH-meter E532, Metrohm Herisau, Switzerland).
Cation exchange capacities (CEC) were determined by both barium chloride and
ammonium acetate (Chapman, 1965) methods.

Total carbon (TC) and organic carbon (OC) were determined by dry combustion
in a stream of oxygen combined with IR-spectrometry (elementary analysis) using an
elemental analyzer (Vario EL, Elementar, Germany). Carbonates were removed by
treating the samples with 6 M HCI prior to analysis of organic carbon (DIN ISO
[10694], 1996a). Inorganic carbon (IC) is calculated as the difference of total minus
organic carbon.

2.3.2.3 Screening experiments with cadmium, lead and dichromate ions

To investigate the effect of loading the organic modifiers on the removal of heavy
metals from aqueous solutions, Cd**, Pb®* and Cr,O;* were interacted with OMCs
containing different concentrations of organic modifiers. H-clays or OMCs were
shaken with 0.01 M NaCl (pH 5.4 +0.2) aqueous solution containing 0.3x107
0.2x10 or 0.6x10° M of Cd(NO3),-4H,0, Pb(NOs), or K,Cr,05, respectively, for
24 h at ambient temperature. The solid concentration was 1 %. Afterwards, the
slurries were centrifuged and Cd?*, Pb*" and Cr,0,* were measured in the supernatant
by AAS (Unicam 939 AA Spectrometer). The sorbed ion was calculated from the
difference between the initial concentration and that remaining after equilibration.

2.4 Results

2.4.1 Characteristics of natural and organically modified clayey sediments

2.4.1.1 Mineralogical and chemical characteristics of natural clayey sediments

The XRD patterns of the natural clayey sediments are shown in Fig. 2-1. The
resulting mineralogical composition and the chemical analyses are represented in
table 2-2. The XRD pattern of clayey sediment collected from Sinai (kao sediment)
obtained from the powder preparation showed that kaolinite was the only clay mineral
in the clay fraction and the rest was quartz (12 %). An intense and sharp peak at 7.2 A

was obtained from the oriented preparation patterns scanned after K or Mg saturation
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(K- or Mg-air dried) treatments and remained unaffected after the Mg-glycerol-
salvation (Mg+Gly) treatment. This peak was destroyed after the heating treatment
(K+600 °C).

According to the XRD-pattern of the powder preparation, the clayey sediment
collected from Qaser el-Sagha (bent sediment) was composed of smectite, kaolinite,
calcite, feldspar and quartz. The smectite is characterized by the reflected peaks
observed after the saturation by Mg followed by Mg+Gly treatments, in which a
shifting of the peak from 14 A to 18 A was occurred, indicating expansion in the
interlayer space. In addition to that, reflected peak at 12.1 A obtained after the K-air
dried treatment shifted to 10 A after the heating treatment (K+600°C), indicating
collapse of interlayer space (Fig. 2-1). Interestingly, the reflected peak at 7.1 A was
also observed in the XRD oriented preparation patterns of bent sediment. This peak
reflection was unaffected by K- and Mg-air dried and Mg+Gly pretreatments but
disappeared after the heating treatment (K+600°C).

Total elemental oxides values of the natural clayey sediments in Table 2-3 shows
high percentages of SiO, in all materials. The kao sediment is characterized by a
higher percentage of alumina (44.3 %) as compared with bent sediment. The Fe,;O3
amount was high in bent sediment (7.81 %) which is interpreted by presence of a
small amount of goethite, according to the identification by the Diffrac software.
Furthermore, bent sediment had higher contents of alkali oxides namely Na,O
(1.44 %), K,0 (1.27 %), CaO (5.15 %) and MgO (1.53 %) compared to kao sediment
(0.03 %, 0.09 %, 0.3 % and 0.26 %, respectively). kao sediment showed a low CEC
value (7.3cmol kg?) as compared with bent sediment (48.1cmol kg™). Higher
contents of inorganic and organic carbons were recorded for bent sediment relative to
kao sediment (Table 2-2).

Table 2-2 Mineralogical and chemical characteristics of natural clayey sediments

Clay ) . CEC*
) Calcite Feldspar Quartz  Clay fraction (%) TC OC IC pH
Clayey  minerals cmol kgt
sediment o ] Suspension
(%) Kaolinite Smectite (%) BaCl, NH,0AC 125
kao ! 88 - - 12 100 - 0.09 0.08 0.01 7.3 7.3 7.8
bent 2 40 12 16 32 13 87 0.97 0.27 0.70 29.7 48.1 9.1

1: clayey sediment collected from Sinai, 2: clayey sediments collected from Qaser el-Sagha. * Cation exchange capacity.
TC: total carbon content. OC and IC: organic and inorganic carbon contents.
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Fig. 2-1 XRD patterns of natural clayey sediments as powder. The inset shows XRD
patterns of the pre treatments of the clay fractions. CPS: count per second, 29: two
theta. Q = Quartz, Feld =feldspar, Cal = Calcite, Sm = Smectite and Ka = Kaolinite.
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Table 2-3 Total elemental oxides distribution of the natural clayey sediments measured
by XRF

Ignition

cl . .
ayey ALO; Si0, Na,O KO0 CaO MgO Fe0; P,0s TiO, ZrO,  loss

sediments

%

kao sediment' 443 500 003 009 030 026 141 014 334 013 -

bent sediment® 20.7 56.3 1.44 1.27 515 1.53 7.81 0.10 145 004 421

1: clayey sediments collected from Sinai. 2: clayey sediments collected from Qaser el-Sagha. XRF: X-ray fluorescence

2.4.1.2 Content of organic modifiers in the organically modified clayey sediments
(OMCs)

Contents of organic modifiers (%) in the OMCs were calculated from the carbon
contents of the samples by subtracting the carbon contents of the H-clay samples.
Content of the organic modifiers were used to compute the loading ratio as percentage
of the CEC of the natural clayey sediments obtained by using different concentrations
of the organic modifiers.

Irrespective of the clayey sediment type, the contents of organic modifiers in the
OMC:s followed the descending order HDTM- > MTP- > Cys_ester- > Carnitin-OMC
(Table 2-4). In general, the contents of the organic modifiers in the OMCs based kao
sediment were much lower than those in the OMCs based bent sediments. The values
increased with increasing modifiers concentrations in the solution from 0 —3 mM,
while further increases of the modifier concentrations did not reflect any changes of
the modifiers loading. However, the loading of the organic modifiers on OMCs based
bent sediments increased with increasing modifiers concentrations in the solutions
from O0to 14 mM except for MTP and HDTM-OMC. Their loading reached the

plateau at 5 and 10 mM initial modifiers concentrations, respectively.
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Table 2-4 Contents of organic modifiers (%) in the OMCs and the loading ratios as
percentages of CEC of the natural clayey sediments.

Clayey Initial concentration of organic modifiers in the solution (mm)

sediment — \roifier % 3 5 8 10 14
Carnitin organic modifier content 0.50 1.39 121 164 181

loading ratio 6 18 16 21 23
N‘E Cys_ester organic modifier content 0.00 1.36 4.37 4.28 5.04

= loading ratio 0 21 67 66 78
g MTP organic modifier content 6.89 10.6 10.9 10.9 11.3

E loading ratio 52 79 81 82 84
HDTM  organic modifier content 7.66 14.0 175 19.7 19.3

loading ratio 56 102 128 144 141
Carnitin organic modifier content 0.10 0.11 mv. mv. 0.09

loading ratio 8 10 - - 8
j_, Cys_ester organic modifier content 0.38 0.41 0.41 0.32 0.39

é loading ratio 38 42 41 33 39
g MTP organic modifier content 0.42 0.59 0.53 0.58 0.53

3 loading ratio 21 29 26 28 26
HDTM  organic modifier content 1.48 1.46 1.46 1.46 142

loading ratio 71 70 70 71 68

1: clayey sediments collected from Sinai. 2: clayey sediments collected from Qaser el-Sagha.
Carnitin, Cys_ester, MTP and HDTM are the organic modifiers described in Table 2-1. mv.: missing value due to
technical problems.
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2.4.1.3 X-ray diffraction of organically modified clayey sediments compared
with the original sediments

Fig. 2-2 displays the XRD patterns of bent sediments after loading with different
organic modifiers. The changes of bent sediments after modification were recorded
according to the shifting that occurred to the reflected peaks at 14.5 A indicating the
changes in the clay’s basal space after modification. For comparison reasons, the
sodium exchanged bent sediment (Na-clay) was also subjected to XRD analysis and
the obtained results showed reflected peak at 15.3 A (not shown). The basal spacing
of the original bent sediments after modification depicted the following order:
Cys_ester- <natural- < Carnitin- <Na- < MTP- < HDTM-bent, recorded by the
reflected peaks at 13.9, 14.5, 15.2, 15.3, 17.1 and 19.7 A, respectively.

30000

Cps

arnitin-bent

| Cys_ester-bent
'_/”}" MTP-bent
_/DT A HDTM-bent
o |

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
28

Fig. 2-2 XRD patterns of organically modified bent sediments compared with the
natural bent sediment. Carnitin, Cys_ester, MTP and HDTM are the organic modifiers
described in Table 2-1.
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2.4.1.4 Mid infrared spectroscopy (MIRS)

MIRS spectra of the natural clayey sediments and OMCs are displayed in Fig. 2-3
for OMCs based kao sediments and in Fig. 2-4 for OMCs based bent sediments. In
both sediments, bands in the region of 669- 800 cm™ (not shown) corresponded to
Si-O stretching vibrations, indicating the presence of quartz (Nayak and Singh, 2007).
For kao sediment, the observed bands at 1111, 1020, 945, 685 and 644 cm™ and the
four bands in the region of 3697-3622 cm™ are characteristic of kaolinite. The 3697
and 3622 cm™ peaks are assigned to stretching vibrations of OH groups (Ravisankar
et al., 2010; Johnston et al., 1985). The bands in region of 1100-1000 cm™ refer to
Si-O and Si-O-Al stretching vibrations (Volkmann, 1972). Spectrum of bent sediment
(Fig. 2-4) showed bands in the regions of 3622, 1100-1000, 920, 878, 799 and
697 cm™. Those bands along with the characteristic broad band in the range of 3455-
3400 cm™, assigned to H-O-H stretching vibrations of H-bonded water (Madejova,
2003), indicates the presence of smectite (Farmer, 1974). Additional vibrations at
3697, 3657, 669 and 650 cm™ were observed, which might be attributed to kaolinite.
No changes were observed in MIRS spectra of the Na-clays or H-clays as compared
with those for the natural clayey sediments (not shown).

MIRS spectra of the OMCs show the characteristic bands of the natural clayey
sediments in addition to specific characteristic bands of the organic modifiers. The
bands recorded on OMCs spectra are those obtained after subtracting the spectra of
the natural clayey sediments from the spectra of OMCs. In general, the MIRS peaks
were much more pronounced with higher absorbance for modified bent sediments
than for those for the modified kao sediments. The HDTM organic modifier was
characterized by the bands at 2924 and 2851 cm™, which correspondence to
asymmetric and symmetric vibrations of CHj stretching, respectively, and 1489 and
1464 cm™ which assigned for CH deformation of the alkyl chain (Navratilova et al.,
2007; Li and Gallus, 2007). MIRS spectrum of kao sediment scanned after the
modification with HDTM (HDTM-kao) shows the CH, stretching vibration at 2924
and 2853 cm™ and the CH deformation bands at 1481 and 1469 cm™. MIRS spectrum
of bent sediment modified with HDTM (HDTM-bent) shows the CH, stretching
vibration at 2928 and 2851 cm™ and the CH deformation bands at 1474 and
1448 cm™,

The characteristic bands of MTP were displayed at 1438 cm™ (C-C stretching),
1487 and 1586 cm™ (C=C stetching) and 2899 — 3021 cm™ (C-H aromatic stretching),

40



which are assigned to attached phenyl rings to the phosphonium ion (see structure in
Table 2-1) (Avalos et al., 2009). Those characteristic bands were visible in the spectra
of kao (MTP-kao) and bent (MTP-bent) sediments modified with MTP around 1441,
1486, 1588 and 2924 — 3066 cm™. However, the bands were relatively weak in the
MTP-kao spectrum. In case of Carnitin, characteristic vibrations were found at
1733 and 1577 cm™ (C=0 and symmetric C-O stretching of carboxylic groups,
respectively; Hardie etal., 2007), 2929 —3046 cm™ (O-H stretching of carboxylic
groups; Socrates, 2001), 3418 cm™ (OH of alcoholic group), 1477 - 1489 cm™ (CH
deformation and/or CN stretching of tertiary amine; Cruz-Guzman et al., 2004) and
1223 - 1361 cm™ (C-O stretching and bending vibrations of carboxylic groups;
Hardie et al., 2007). Those characteristic bands have been observed at 2929, 1726 and
as broad band around 1262 cm™ in the MIRS of modified bent sediment
(Carnitin-bent) and at 1586 and 1475cm™ in the modified kao sediment
(Carnitin-kao). The MIRS spectrum of Cys ester assigned the following
wavenumbers: vibration around 2930 — 2981 cm™ (CH stretching vibration), 1737 —
1745 cm™ (C=0 stretching vibration of ester group), 1600 —1583 cm™ (NH,
deformation), 1511-1496 cm™ (probably for —~NH deformation), 1245 cm™ (CH or
CNH vibration; Pinazo et al., 1993) and four bands at 678- 607 cm™ (C-S streching;
Girija et al., 1995). The bands of Cys_ester were gained in the MIRS spectra of the
modified kao (Cys_ester-kao) at 652 (not shown), 1748, 1738, 1510 and 1491 and of
modified bent (Cys_ester-bent) at 618 (not shown), 1742, 1595, 1443, 1411 and 1270

cm™.
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Fig. 2-3 MIRS spectra of the clayey sediment collected from Sinai before (kao sediment)
and after treatment with different organic modifiers. Cys_ester, Carnitin, MTP and
HDTM are the organic modifiers described in Table 2-1.
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Fig. 2-4 MIRS spectra of the clayey sediment collected from Qaser el-Sagha before (bent
sediment) and after treatment with different organic modifiers. Cys_ester, Carnitin,
MTP and HDTM are the organic modifiers described in Table 2-1.
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2.4.2 Screening experiments with cadmium, lead and dichromate ions

Natural and OMCs based kao sediments had low heavy metals removals relative
to the natural and OMCs based bent sediments. Sorption of Cd**, Pb** and Cr,0+* by
OMCs based kao sediments, loaded with different concentrations of the organic
modifiers are presented in Fig 2-5. Loading kao sediments with MTP and Cys_ester
organic modifiers increased significantly the sorption of Cd** (by 2.4 and 2.5 fold,
respectively), Pb?* (by 1.4 and 1.4 fold, respectively) and of Cr,0;* (by 2.2 and
4.4 fold, respectively) compared to the original kao sediments. Modification of kao by
Carnitin at any concentration does not show any significant differences in the sorption
of Cd*" and Cr,0;* as compared with the natural kao sediments. However, the high
initial concentration of Carnitin increased significantly Pb®* sorption by 1.4 fold.
Higher sorption of Cr,O-* relative to the natural clayey sediments, increased by
eleven times, were achieved by kao modified with HDTM, while similar or reduced
amounts of Cd*" and Pb?* were sorbed to kao loaded with HDTM compared to the
natural kao sediment.

The sorption of Cd**, Pb** and Cr,0* to the OMCs based bent sediments loaded
with different concentrations of organic modifiers are presented in Fig. 2-6. Sorption
of Cd?* to bent sediments modified with HDTM and MTP increased significantly with
increasing initial modifiers concentrations from 0 to 5 mM, where 99 % of the metal
ion concentrations in the solution were sorbed (29.3 mmol kg™). Further increase in
the initial modifiers concentrations (5to 14 mM) had no effect on the sorption.
Sorption of Pb?* by bent modified with HDTM and MTP at any initial concentration
were similar to that obtained by the natural bent sediment, whereby 99 % of the metal
ions concentrations in the solution were sorbed due to the modification by both
modifiers. Cr,0;% sorption increased in proportion to HDTM and MTP loading on
bent sediment and reached to the 385 and 30 fold (46.1 and 3.6 mmol Cr,0-* kg™),
compared to the natural clayey sediment (0.1 mmol kg™).

Modification of bent sediments with Cys_ester and Carnitin modifiers decreased
the sorption of Cd®* by 60 % and 30 %, respectively, relative to the original bent
sediment. At low initial concentrations of those modifiers, 83 and 88 %, respectively,
of Cd®* concentration in the solutions were removed, whereas these percentages were
reduced to 38 and 63 %, respectively, at high initial modifiers concentrations.

Natural and Carnitin-modified bent sediments showed the capability to remove
all the Pb** ions from the solution at all modifier concentrations except at the highest
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loading, which reduced the sorption of Pb?* by 10 % of the metal ions concentration
in the solution. Conversely, those sorbents showed negligible sorption of Cr,0;* from
the aqueous solutions.

Compared with the natural clayey sediments, a reduction in the sorption of Pb?*,
which reached only 30 % of the total ion concentration, was observed with increasing
modifier loading on the Cys_ester-modified bent sediments. At the same time increase
the modifier loading considerably enhanced the removal of Cr,0;% up to 265 times
(31.8 mmol ions kg™*) higher than the original bent sediment (0.1 mmol ions kg™).
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Fig. 2-5 Sorption of Cd*", Pb** and Cr,0-* (mmol kg™) to the organically modified kao
sediments prepared from different concentrations of the added modifiers.

HDTM, Carnitin, Cys_ester and MTP are the organic modifiers described in Table 2-1.
The initial concentrations of Cd%, Pb* and Cr,0,> were 0.3x10°, 0.2x10° and
0.6x10° M, respectively. Data present means and standard errors of three replicates.
Different letters indicate significant differences of the sorbed metal ions (P < 0.05)
between the different concentrations of organic modifier within one sorbent
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Fig. 2-6 Sorption of Cd*", Pb? and Cr,0;* (mmol kg™) to the organically modified bent
sediments prepared with different concentrations of the added modifiers.
HDTM, Carnitin, Cys_ester and MTP are organic modifiers described in Table 2-1. The
initial concentrations of Cd?*, Pb?* and Cr,0.,% were 0.3x10°, 0.2x10° and 0.6x10° M ,
respectively. Data present means and standard errors of three replicates. Dashed lines
indicate the removal of all metal ions (100 %) from the solution. Different letters
indicate significant differences of the sorbed metal ions (P < 0.05) between the different
concentrations of organic modifier within one sorbent
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2.5 Discussion

2.5.1 Characteristics of natural clayey sediments

The XRD patterns of the natural kao sediment scanned after Mg-air dried
treatment followed by Mg+ Gly were not different from that of K-air dried,
indicating the absence of expanded minerals. Furthermore, the disappearing of the
diagnostic reflection at 7.2 A in the scanned sample after the K-air dried treatment
followed by the heating at 600C° was attributed to dehydroxylation and indicated the
presence of kaolinite (Harris and White, 2007). The high content of Al-oxide and the
low CEC of the natural kao sediment confirms the presence of kaolinite minerals and
the absence of expanded minerals (Mahdy, 2004; Sparks, 2003).

The XRD patterns of the natural bent sediment showed the diagnostic d-spacing of
smectite group minerals which is consistence with that observed by Brindley (1955).
The detected reflection at 7.1 A in the clay fraction of the natural bent sediment,
which was destroyed after K+600°C treatment, might indicate the presence of
kaolinite as minor mineral. In addition, the high content of CaO and relatively high
contents of K,O and Na,O suggest the presence of calcite and feldspar in the natural
bent sediment as well (Stahr et al., 2000), which supports the obtained XRD results.
The measured CEC value of natural bent sediment was higher than that of natural kao
sediment due to the presence of expanded smectitic minerals. However, CEC was
lower than reported in published data for pure smectitic minerals, (70-120 cmol kg™;
Jasmund and Lagaly, 1993), which was probably due to the presence of other
components in bent sediment besides smectites.

The obtained results of MIRS analyses depicted the diagnostic vibrations of kaolinite
and quartz in the natural kao sediment and the diagnostic vibrations of quartz,
smectite and kaolinite minerals in the natural bent sediment (van der Marel and
Beutelspacher, 1976; Farmer, 1974). Results of MIRS spectra were in agreement with
the sediments composition suggested from the results of XRD and chemical analyses

of the natural clayey sediments.

2.5.2 Characteristics of OMCs

In general, all prepared OMCs from the different sediments showed increased
organic carbon contents (OC) as compared with the natural clayey sediments

indicating a successful loading of the organic modifiers on the sediments.

48



Smaller CEC of kao sediment compared to bent sediment is the reason for the low
loading of organic modifiers on OMCs based on kao sediments as compared with
those based on bent sediments.

Low organic modifier contents and low loading ratio (%) of the bent sediment
after modification with Carnitin (Carntin-bent) even at the highest initial modifier
concentration (14 mM) indicated that Carnitin has a low affinity to the clay’s surface
and low ability to replace the hydrated inorganic ions (Na*) on the exchanged sites of
the natural clayey sediments. A similar case was also found with the modified kao
sediment. The results were in agreement with those found by Cruz-Guzman et al.
(2004), who demonstrated that Carnitin, a monovalent cation, has low affinity to the
negative charge on the clay surface due to the presence of carboxylic functional
groups with negative charge in its molecular structure (Table 2-1). However,
Cys_ester is a divalent cation, therefore, it showed a better capability to satisfy the
surface charges and to replace the exchanged Na® ions on the natural clayey
sediments, in which two exchangeable sites can be satisfied by one Cys_ester cation.
Consequently, the clayey sediments modified by different concentrations of Cys_ester
achieved higher loading ratio as percentage of CEC as compared by those modified
by different concentrations of Carnitin.

Higher loading ratios (%) of CEC of the natural clayey sediments were achieved
by the treatment with MTP and HDTM as compared with loading by Carnitin and
Cys_ester, referred to the effective replacement of the hydrated Na®* ions by the large
molecules of MTP and HDTM (with 19 carbons) as compared with Carnitin
(7 carbons) and Cys_ester (8 carbons). Zhang et al. (1993) and Shen (2004) pointed
out that organic cations with large alkyl chain can effectively replace inorganic ions
on the clay’s exchange sites more effectively than those with short alkyl chain. Most
of the organic modifiers may loaded via saturating the surface charges and the
exchangeable sites on clays and thus the loading ratios (%) were within the CEC
values of the clayey sediments. However, increasing HDTM concentration by more
than 5mM increased the modifier loading beyond the CEC of bent sediment
(128 - 144 % of CEC). The excess of the loading percentages indicted that other
mechanisms in addition to the saturation of the exchangeable sites were involved.
Shen (2004) and Jaynes and Vance (1996) reported that adsorption of organic cation
on clay occurred mainly via electrostatic force, while the role of van der Walls forces
and hydrophobic bonding took place with the excess loading of the organic cations.
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Whereby, interaction between the nonpolar moiety (alkyl chain) of the exchanged
HDTM and that of the excess HDTM occurred.

The appearance of characteristic vibrations of the pure organic modifiers in the
MIRS of OMCs indicated the successful formation of the OMCs. However, the weak
absorbance of the bands observed in MIRS spectra of OMCs based kao sediments
relative to those of OMCs based bent sediments are attributed to the low mass of the
organic modifiers loaded on kao sediments. This explanation was in agreement with
the obtained results of organic modifier contents of the modified kao sediments.

In preliminary measurements, Kao sediment was scanned by XRD before and
after the modification with HDTM (HDTM-kao). The obtained pattern of HDTM-kao
remained unchanged as compared with that obtained for the natural kao sediment (not
shown). The similarity of the obtained XRD patterns may indicate that adsorption of
the organic modifier was on the external surface of the clay (Rangsriwatananon and
Khumbudda, 2007). That result was expected since kaolinite is the predominant clay
mineral in kao sediment. Jaynes and Boyd (1991) concluded that HDTM did not
change the XRD patterns of the non-expandable clays. Under the conditions of this
study, XRD technique did not help to characterize the OMCs based kao sediments.
Nevertheless, the loading of the different organic modifiers on kao sediments were
confirmed by increasing OC contents after the modification as compared with the
natural kao sediments. In addition, the obtained MIRS spectra of OMCs based kao
sediment depicted the diagnostic vibrations of the natural kao sediment as well as
those of the organic modifiers. Thus, MIRS results are a further evidence of
a successful modification.

The basal spacing of the natural bent sediment at 14.5 A was shifted to 15.3 A in
Na-clay due to the exchange by the hydrated Na* ions. After the modification by
Cys_ester, the basal spacing collapsed to 13.9 A. Cys_ester is a low hydrated divalent
cation (Cruz-Guzman et al., 2004), and thus the replacement of the hydrated Na* ions
by the low hydrated Cys_ester led to an exclusion of the interlayer water resulting in
reduction of the basal spacing. A previous study (Yariv and Cross, 2002) reported that
basal spacing of untreated montmorillonite of 15 A is a sum of the clay’s layer
thickness 9.5 A and two layers of water. When a divalent organic cation was
adsorbed, the basal spacing reduced to 13 A due to the desorption of the interlayer
water proposing monolayer arrangement of the organic ion in the clay’s interlayer,

showing similarities to the results obtained with Cys_ester. The exclusion of the
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interlayer water after the modification with Cys_ester was demonstrated by the
obtained results from MIRS spectrum of Cys_ester-bent, in which a decrease in
absorbance of bands in the region 3455-3400 cm™ relative to that of the bent sediment

were observed.

Unlike Cys_ester, the modification by Carnitin (15.2 A) caused a little change in the
basal spacing compared with the Na-clay (15.3 A), which might indicate partial
replacement of hydrated Na* ions and partial desorption of interlayer water. These
results were in consistence with those obtained from the MIRS spectrum of
Carnitin-bent, whereby, the remaining of the broad band in the region of
3455-3400 cm™, corresponding to the interlayer water as compared with bent
sediment spectrum, was depicted. Nonetheless, the observed characteristic vibrations
of the Canitin modifier on MIRS spectrum of Carnitin-bent as well as the increases
obtained of the organic modifier content compared to that of the natural bent sediment
confirmed the loading of Carnitin modifier on the bent sediment. According to
Bergaya et al. (2006), Carnitin-bent with d-spacing 15.2 A might suggest a monolayer
arrangement of the organic modifier in the interlayer space of the clay.

The obtained XRD and MIRS results for Cys ester- and Carnitin-bent were in

agreement with those found by Cruz-Guzman et al. (2004).

Modification of bent sediments by MTP or HDTM led to expand basal spacings due
to the adsorption of these modifiers in the clays’ interlayer space, proposing bilayer
arrangement for MTP and pseudo-trimolecular arrangement for HDTM in the
interlayer of clay (Bergaya etal., 2006; He et al., 2007). The adsorption of these
modifiers resulted in a dehydration of the interlayer water due to the replacement of
the hydrated Na* ions. The dehydration was confirmed by the decreasing in the
absorbance bands of water vibrations in the MIRS spectra of MTP- and HDTM-bent
as compared to the natural bent sediment. The obtained basal spacing were similar to
those recorded by He et al. (2007) and Patel et al. (2007) for adsorbed HDTM and

MTP on purified montmorillonite.

2.5.3 Removal of heavy metals by OMCs

Removal of heavy metals by clays occurs via ion exchanging and / or complexing
with the surface functional groups (silanol and aluminol groups) at the clay edges.

With increasing loading of organic modifiers in the clay’s interlayer surfaces, the
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removal of heavy metals might attribute mainly to the complexation with the edge
sites (Oyanedel-Craver and Smith, 2006).

The kao sediment composed mainly of kaolinite minerals with low CEC, whereas

smectitic minerals with higher CEC were the main component in bent sediment.
Therefore, sorption of heavy metal by OMCs based kao sediments were lower
compared with OMCs based bent sediments. A significant effect of the modification
on kao sediment was observed with Cys ester, MTP and HDTM, but not with
Carnitin. However, increasing initial modifier concentrations (> 3 mM) showed no
further increase in the sorption of metals. These results were in consistence with those
obtained from the organic modifier contents, showing that the increase of the initial
modifiers concentration from 0to 3 mM increased the loading ratios of Cys_ester,
MTP and HDTM, while lowest loading ratio obtained with Carnitin. Thus the sorption
of heavy metals by kao sediment were similar to those by Carnitin modified kao
sediment. Moreover, changing the initial modifiers concentration from 3 to 14 mM
did not cause any changes in the organic modifier contents on kao sediments
indicating no increase of the modifiers loading, and did not reflect any relevant
differences in the sorption of metal ions.
It can be concluded from the results that HDTM-, Cys_ester- and MTP-modified kao
sediment had the capability to remove Cr,O;* with greater efficacy than the other
metal ions. The efficient removal of inorganic anionic ions by kaolinite mineral
modified with HDTM was reported in a previous study by Li and Bowman (2001).

The lower sorption of Pb?* and Cd** on Cys_ester-modified bents than those on
Carnitin-modified bents indicate that the modification with Cys_ester caused a larger
reduction in the available sorption sites on the clay surfaces compared with the
modification with Carnitin and led to a competition with the inorganic ions on these
sites. This behavior of Cys_ester and Carnititn are compatible with the calculated
values of the loading ratios (%) obtained after exchanging with different
concentrations of both modifiers, in which Cys_ester showed higher values indicating
higher occupation than Carnitin. Furthermore, exchanging the natural bent sediment
with Cys_ester reduced the basal spacing of the clay (see XRD results obtained after
the modification). This collapse of the clay’s interlayer surface, thereby, could limit
the access of the metal ions to the sorption sites.

The greater sorption of Pb®" achieved by Carnitin-modified bents compared with
Cd** could be attributed to the affinity between the carboxyl group in the Carnitin
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structure and Pb?* ions. This affinity phenomenon was mentioned previously by
Sheng et al. (1999) and Cruz-Guzman et al. (2006).

Sorption characteristics of Cd** and Pb?* on HDTM and MTP modified bent
sediments were in accordance with the results on sorption of Cd** and contradict the
results on sorption of Pb?* to HDTM-modified bentonite obtained by Yoo et al.
(2004). They observed that the sorption of Cd** on the HDTM-modified bentonite
was similar to that on the untreated clay, while the sorption of Pb®* on the modified
bentonit was lower than the untreated.

Impacts of different modifiers concentrations were pronounced with the sorption
of Cr,0;% to Cys_ester and HDTM-modified bent sediments. HDTM with quaternary
ammonium and Cys_ester with two amino positive functional groups in their
structures (Table 2-1) play important roles in neutralizing the negative charges
predominated on the clays’ surfaces. They reduce the repulsion forces between the
clays’ predominant surface charges and Cr,0;> ions, resulting in a possible access of
Cr,0;* to suitable binding sites. In a previous study Majdan et al. (2005) suggested
that the sorption of chromate on HDTM-modified-bentonite occurred via
alkylammonium- chromates and dichromates formation.

Independent of the sediment type, sorption of Cr,O-* to sediments exchanged
with HDTM (a monovalent cation) was remarkably higher than that exchanged with
Cys_ester (a divalent cation), indicating a higher neutralization of the surface charge
by HDTM. This is attributed to an increase in the mass of HDTM loaded on the clay,
achieving a higher loading ratio as compared with the Cys_ester at the same initial
modifier concentration. Moreover, increasing the loading of HDTM beyond the CEC
of bent sediment could reverse the charges on the clays’ surfaces providing more
adsorption sites for Cr,0-* ions. Zhang et al. (1993) stated that the quaternary amine
cations keep their cationic form when the loading ratio of the large quaternary alkyl
ammonium ion is over the clay’s CEC, resulting in charge reversal. In our study,
increasing the modifier initial concentration from 3 to 14 mM led to an increase of the
loading ratio of Cys_ester form 0.2 to 77.6 % of the bent’s CEC and the loading ratio
of HDTM from 56.0 to 144 %. Hence, development of positive charge probably
occurred and caused extra sorption of Cr,0;* to the bent exchanged with HDTM. The
development of the positive charge on the montmorillonite surface after the
modification with HDTM was also suggested by Wang et al. (2004). Nevertheless,
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this later interpretation (reverse surface’s charge) needs more specific analyses to be

confirmed.

2.6 Conclusions

This study focuses on the production and characterization of organically modified
clayey sediments (OMCs) prepared from natural clayey sediments. One of the
selected sediments composed mainly of kaolinite clay mineral (kao sediment);
whereas in the other sediments smectite and kaolinite were the main clay minerals
(bent sediment). Bent sediment had a higher pH and total carbon content (%)
compared with the kao sediment. Contents of organic carbon (%) of the OMCs were
increased by the modification compared with the natural clayey sediments. HDTM
achieved the highest loading on both clayey sediments among the modifiers, while
Carnitin had the lowest loading. MIRS spectra of the OMCs prepared from both
sediments showed the characteristic absorbance of natural clayey sediments as well as
that of the organic modifiers. Increasing organic carbon contents of OMCs relative to
the natural clayey sediments and the results obtained from MIRS analyses of OMCs
confirmed the successful loading of the organic modifiers on the sediments. OMCs
based on bent sediments showed changes in the basal spacing than that recorded for
the natural bent sediments. The basal spacing changed from 14.5 A to 13.9, 15.2, 17.1
and 19.7 A after the modification with Cys_ester, Carnitin, MTP and HDTM,
respectively. Increasing loading of Cys_ester and MTP on OMCs prepared from kao
sediments enhanced the sorption of the tested metal ions compared with their sorption
on the natural clayey sediment. Similar trend was obtained with increasing loading of
MTP on OMC based bent sediment. However, increasing the loading of Cys_ester on
the OMCs based bent sediments inhibited the sorption of Cd** and Pb** but improved
significantly the sorption of Cr,0;* relative to the sorption on natural bent sediment.
The modification with HDTM improved the tendency of the natural clayey sediments
toward the removal of Cr,O;%". Increasing loading of HDTM had no relevant effect on
the sorption of Cd** and Pb** by OMCs. OMC with Carnitin showed similar sorption
of the tested metal ions as that by the kao sediment. The high loading ratio of Carnitin
(= 23.2 % of the CEC of clay) on OMC based bent sediment decreased the sorption of
Cd?* and Pb?* compared to the natural clayey sediments but had no effect on the

sorption of Cr,0+%.
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3. Sorption and Desorption of Cadmium, Lead and Dichromate
from Aqueous Solutions by Organically Modified Bentonitic
Sediments

3.1 Abstract

Sorption characteristics of Cd?*, Pb** and Cr,O;* from single and binary
component systems using organically modified bentonitic sediments (OMCs) were
studied. OMCs were synthesized from the sodium form of a natural clayey sediment
(Na-bent) from Qaser el-Sagha, EI Fayoum, Egypt, in combination with Humic acid
(HA), L-Cystine dimethyl ester (Cys_ester), L-Carnitine  (Carnitin),
Methyltriphenylphosphonium (MTP) and Hexadecyltrimethyl-ammonium (HDTM)
as organic modifiers. The characteristics of the sorption of metal ions on OMCs were
investigated under different conditions such as pH, solutes concentrations, sorption
time and electrolyte concentration. Desorbabilities of the metal ions from the loaded
OMCs were also tested.

Overall, Na-bent and OMCs were effective in sorbing of the cationic metal ions.
However, the removal of Cr,O;% form aqueous solutions was only possible by OMCs
modified with MTP, HDTM, HA and Cys_ester. Langmuir isotherm model fits the
experimental data better than Freundlich model and the sorbed amounts of the metal
ions were different according to modifier type. The maximum sorption capacities of
the OMCs decreased in the order MTP-bent > Carnitin-bent > HDTM-bent > HA-bent
> Cys_ester-bent for the sorption of Cd** and in the order of MTP-bent > HDTM-bent
> Carnitin-bent > HA-bent > Cys_ester-bent for the sorption of Pb**. Among the
sorbents, OMC modified with Cys_ester exhibited the highest sorption of Cr,0+>"

The sorption processes followed pseudo-second-order kinetic models and the
optimal sorption of the metal ions were approached at pH ranging from 4 to 8 for
Cd**, from 4 to 6 for Pb?* and at pH 4 for Cr,O;*. Increasing concentration of
electrolytes reduced significantly the removals of Cd** and Pb?*. The removals of
Cr,0;% by the OMC modified with Cys ester were enhanced by increasing
concentrations of Ca(NOj3), and NaNOs.

Competitive behavior was observed with sorption of the metal ions from the
binary component system by selective OMCs except the one modified with Cys_ester.
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Sorption of Cd?* in the presence of Cr,0;% was lower than that obtained when it is the
only solute in solutions. Presence of Cd?* displayed synergetic effects on the sorption
of CI’2072-.

The results demonstrated that the proposed OMCs have potential to remove heavy
metals from low quality water under different conditions and the successful
desorbabilities of the metal ions enhance the economic aspect of using OMCs as cost
effective sorbents.

3.2 Introduction

Cadmium, lead as cationic and chromate as anionic pollutants are commonly
occurring heavy metals in wastewater. These pollutants are released into the
environment from human activities, such as agricultural practices, lead containing
pesticides, transport, industrial activities and waste disposal such as pigments and
stabilizers in plastic, electroplating, metal plating, wood preserving, anodizing, ink
manufacture, glass, ceramics, battery manufacturing (Anonymous®, 2002). They are
known as hazardous materials for human and animal health and the environment. The
“Comprehensive Environmental Response, Compensation and liability Act” recorded
lead, cadmium and chromate as No. 2, 7 and 17, respectively, in its list of priorities
concerning hazard substances (ATSDR 2011). In general, lead causes kidney damage,
influences the central nervous system, slowing down nerval response particularly in
children influencing learning abilities and behavior. Cadmium accumulates in the
kidney and causes its dysfunction; moreover, it is classified according to the
“International Agency for Research on Cancer” (IARC, 1993) in Class1
(carcinogenic to humans). Chromium can exist in multiple valence states, among
which the hexavalent form, Cr (VI), has the highest environmental hazard (Abdel-
Sabour, 2007). It has a number of adverse effects ranging from causing irritation to
cancer for human and causing inhibition of growth and various metabolic processes of
microorganisms. IARC (1990) has classified Cr (V1) in Group 1 (human carcinogen).
Because of the above-mentioned hazards, the removal of heavy metals has a high
priority in environmental remediation and cleaning up.

Many papers have been published on the potential use of clay minerals to remove
cationic heavy metals from wastewater (e.g. Zahra et al., 2008; Gupta and
Bhattacharyya, 2008; Eba etal., 2011). In contrast, clays without previous
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modification, showed very limited affinity for anions (Bois et al., 2003). Some studies
pointed out the possible sorption capabilities of clay minerals for anionic pollutants
after modification with organic compounds producing organo-clay complexes
(Kaufhold et al., 2007). Krishna et al. (2000), and Li and Bowman (2001) reported
that the adsorption of Cr (VI) significantly increased on clay modified with
hexadecyltrimethylammonium (HDTM) compared with the unmodified clay, which
had no sorption affinity for Cr (V1) ions.

Modification of the clay minerals also affects the adsorption of cationic pollutants.
Using organic modifiers containing certain functional groups in producing of organo-
clays could enhance adsorption of cationic heavy metals. Oyanedel-Craver and Smith
(2006) reported that the adsorption of Pb, Cd, Zn and Hg to bentonite loaded with the
organic cations HDTM and benzyltriethyl-ammonium at 25% of its cation exchange
capacity were similar to or greater than that of the sorption to the untreated bentonite.
Lagadic et al. (2001) used thiol-functionalized layered magnesium phyllosilicate
material (Mg-MTMS) prepared artificially from mixing magnesium chloride with
mercaptopropyltrimethoxy-silane in methanol-aqua solution to adsorb Pb, Cd and Hg.
Mg-MTMS exhibited strong adsorption for each heavy metal. Additionally, Mg-
MTMS showed an equivalent sorption for the heavy metals in mixed solutions. The
results are in agreement with those of Stathi et al. (2007), who used ammonium and
organic cations containing functional groups (-NH;, -COOH, -SH or -CS;) with
montmorillonite clay to prepare organo-clay complexes for the adsorption of Pb, Cd
and Zn from aqueous solutions as a function of pH. They concluded that the loaded
organic cations behaved as specific binding site on the clay which led to a significant
enhancement of sorption selectivity and capacity as compared with the untreated

montmorillonite.

Relatively few studies have been done on removal of heavy metal by using natural
adsorbents. Hizal and Apak (2006) investigated the adsorption of copper and lead ions
on kaolinite-based clay minerals individually and in the presence of humic acid. The
authors suggested that humic acid coated kaolinite worked most likely as chelating
ion-exchanger sorbent for heavy metals rather than inorganic ion-exchanger. Cruz-
Guzman et al. (2006) prepared organo-clay complexes from natural organic cations
L-Carnitine, L-Cysteine ethyl ester, L-Cystine dimethyl ester, and thiamine cations
with two montmorillonite clay minerals and compared them with the clay loaded with
a non functionalized organic cation (HDTM). They investigated the sorption of Pb?*
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and Hg*" by the prepared complexes. The results showed that the functionalized
organo-clays containing sulfur adsorbed Hg®* very effectively. In contrast, as
compared with the untreated montmorillonite, most of the organo-clay complexes
were not effective in adsorbing Pb®*, except the montmorillonite treated with L-
carnitine, which possesses carboxyl groups. Assaad et al. (2007) studied the removal
of Co*, Ni** and Cu®* from water by coagulation—flocculation in the chitosan-
montmorillonite systems. They found that coagulation—flocculation depends on pH
and the composition of the liquid medium. Both chitosan and montmorillonite
exhibited great efficiency in metal ion removal when used separately and displayed a
synergy effect when used simultaneously. The removals of the studied cations were
significantly affected by the ratio of chitosan/montmorillonite, solution pH and
concentration of the metal cations. Abou Hussien et al. (2002) found that the adsorbed

amounts of Fe and Zn increased with increasing amount of humic acid on the clay.

Studying kinetic properties and factors that affect the adsorption process could
help to improve the ability of modified clays to retain pollutants. Say et al. (2006)
incorporated dithiocarbamate functional groups into the nanolayer of organo-clays
and used it in the adsorption of heavy metals. They reported a maximum adsorption of
Cr®¥ at pH 4 and of Cd** and Pb®* at pH 6.0; adsorption equilibria were reached
within 15-20 min. The authors showed that the desorption of the metal ions were
effective by using 0.5 M NaCl, which indicated the possibility to use the sorbents in
repeated adsorption—desorption cycles. Erdemoglu et al. (2004) found that maximum
adsorption of Pb ions on modified pyrophyllite was at pH about 6.5 and adsorption
time was found to be 90 min. Brum et al. (2010) used a cationic surfactant
cetylpyridinium bromide (CPB) to prepare organo-clay based montmorillonite clay
minerals in order to remove Cr(VI) from aqueous solutions. CPB-montmorillonite
effectively adsorbed Cr(V1) anions over a wide pH range from 3.0 to 6.0. The pH of
the suspension had a significant influence on the adsorption of Cr(VI), as the
adsorption decreases with the increase of pH above 6. The pH-dependence is related

to the surface charge of the adsorbent.

More work is needed to characterize the sorption of different heavy metals on
naturally occurring sediments modified with natural organic materials, containing
certain functional groups. Studying the potential removal and/or the competition
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effect of the metal ions on the organically modified clayey sediments is an important
step for the application of those prospective sorbents in wastewater treatment.

In the current study, naturally occurring clayey sediment in combination with a
variety of organic modifiers, containing different functional groups
(-NHy, -COOH, -CO, -CS,, -OH, P* or —Phenol) were used for the preparation of
organically modified bentonitic sediments (OMCs). OMCs were evaluated with
respect to their abilities to sequester Cd®* and Pb** (cationic pollutants) and Cr,0;*
(anionic pollutants) from single and binary aqueous solutions, considering the
following hypotheses: i) the presence of functional groups in the organic modifiers
increase the tendency of organically modified bentonitic sediments to retain Cd*",
Pb* and Cr,0;* ions. ii) The efficiency of heavy metal sorption depends on the
concentration of metal ions, the initial solution pH, the electrolyte concentration and
the sorption time.

3.3 Materials and methods

3.3.1 Synthesis of organically modified bentonitic sediments

The basic material used for preparation of organically modified bentonitic
sediments (OMCs) is a natural clayey sediment (bent) collected from El-Fayoum,
Egypt (Qaser el-Sagha, 29°34° 06” N and 30° 49¢ 52 E). Smectite clay mineral is the
main component in the sediment with a cation exchange capacity (CEC) of
48.1 cmol kg™ (Chapter 2). The material was converted to the sodium form and
denoted as Na-bent. The procedure used for the preparation of Na-bent was similar to
that outlined in Chapter 2, which comprises the following steps: grinding, sieving,
exchanging with Na®*, washing free of CI', drying and grinding again with a ball-mill
for 3.5 min. Suspension of Na-bent in 1 mM HNO3; was prepared and used for the
producing of OMCs.

OMCs were prepared by dissolving the organic modifiers mentioned in Table 3-1
in 1 mM HNOj3; and mixing each solution with Na-bent suspension to obtain a solid
concentration of 10 g I"X. The final concentrations of modifiers in the suspensions are
shown in Table 3-1. The mixtures were then shaken at room temperature for 72 h at
175 rpm. Afterwards, suspensions were centrifuged (using Hermile Z513 Centrifuge,

Germany), washed with ultrapure deionized water and freeze dried.
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Before using the OMCs for the following sorption experiments, the materials were
ground for 1.5 — 2.3 min using a ball-mill and kept in plastic vials under dry
conditions. The acronyms, content of total organic carbon (TOC) and cation exchange
capacities (CEC) of the different sorbents prepared are summarized in Table 3-1. CEC
were determined by the ammonium acetate method (Chapman, 1965). TOC were
determined by dry combustion in a stream of He/oxygen (oxidation/reduction)
(elementary analysis; DIN 1SO [45014], 1996b) using NA 2500 elemental analysis
(EC Instruments, Germany). Characterization of OMCs and the natural clayey
sediments were described in chapter 2.

3.3.2 Sorption and desorption experiments of cadmium, lead and
dichromate

3.3.2.1 Sorption isotherm experiments

All metal sorption studies were performed in batch experiments. The tested
concentrations of heavy metals were ranging from 0.00 to 1.24x10™ M of Cd**, from
0.00 to 3.44x10° M of Pb** and 0.00 to 9.49x10° M of Cr,0;* as Cd(NOs),-4H,0,
Pb(NO3), and K,Cr,0- salts, respectively. The sorption isotherm experiments were
performed by equilibrate of 5 ml of 0.01 M NaCl aliquot, whose initial pH value was
4.7 £ 0.3, containing the desired concentration of heavy metal with 50 mg of Na-bent
or OMCs in 10 ml polypropylene centrifuge tubes in triplicates. Equilibration was
reached after 24 hours shaking at 175 rpm at room temperature (23+2 °C). Changes
in the initial pH of the solution after the contact with sorbents were recorded. To
simulate natural conditions of polluted water, the author did not correct the changes
in the pH of the suspension (the initial solution pH after contacting with the sorbents
in the presence of heavy metals), which is different than the approach in literature.
Thus it favours an easier handling in the application of the proposed sorbents in the
remediation of natural wastewater. The pH of the samples at zero concentration of
heavy metals were measured to test the effect of the sorbents on the initial pH after
equilibration for 24 h and were denoted as pHest. The pHest changed to 9.3 with
Na-bent, 8.9 with HDTM-bent, 8.8 with MTP-bent, 8.0 with Carnitin-bent, 4.4 with
Cys_ester-bent and 5.9 with HA-bent. Those changes in the initial pH are assumed to
occur also with the presence of heavy metals. According to this assumption, pHest
were used as the equilibration pH to estimate the speciation of the Cd®* and Pb*" by

“visual Minteq program version3.0” (Gustafsson, 2011). This program is built based
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on USEPA's “MINTEQAZ2” software. The database of visual Minteq program
includes Cr®* speciation but does not include the speciation of Cr®*. Therefore, the
Cr,0/% speciation was done according to Baes and Mesmer (1976) and Dionex
(1998).

3.3.2.2 Desorption experiments

Three desorbing agents, 0.1 M HCI, 0.1 M NaOH solutions and tap water, were
used separately to estimate metal desorbability from OMCs after interaction with
aqueous metal solutions have initial concentrations of 1.36x10° M and 1.2x10 M for
Cd?* and Pb**, respectively. For Cr,0-*, desorption experiments were performed only
for the Cys_ester-bent with 2.9 x10°M Cr,O-* initial concentration. Solid residues
remaining in the centrifuge tubes after the sorption experiments were treated with
5 ml of each desorbing agents. Suspensions were shaken on a mechanical shaker at
175 rpm for 24 h at room temperature followed by centrifugation at 4500 rpm for
30 min and subsequent filtration of the supernatants using blue band filter paper.
Heavy metal concentrations in supernatants were analysed by AAS (Unicam 939 AA
Spectrometer). Two sequential desorption steps were performed (Desorption | and I1).
All desorption studies were conducted in triplicates. Relative desorption was
calculated by Eq. 3-1:

Desorption % = Ccdes X 100 --mmmmmmmmmmmmmmm oo Eq. 3-1

load

where C,,, is the concentration of metal ions in the desorbing solution and C;,,4 IS
the loaded amount of this element on the OMCs.

3.3.3 Factors affecting sorption
3.3.3.1 Sorption time

For Kkinetic studies, sorption experiments were performed at time intervals
between 30 and 1440 minutes. The initial concentrations of the metal ions were
3x10°%, 3.44 x10® or 11.2 x10°M of Cd**, Pb* or Cr,0;*, respectively. The
experiments were conducted in triplicates under constant conditions of pH (5) and
ionic strength (0.01 M NaCl) at ambient conditions and a sorbent concentration of
10g 1™t
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3.3.3.2 pH of initial solution

Sorption experiments were carried out by shaking the desired amount of OMCs
with aqueous solutions containing 0.3x10° M Cd*, 0.2x10°M Pb** or
0.6x10° M Cr,0+*. The tested pH values ranged from 2 to 8, from 2 to 6 and from 2
to 10, respectively, for Cd**, Pb?* and Cr,0%,and were adjusted either by NaOH or
HCI (0.1-0.01 M) using a digital pH meter E532, Metrohm Herisau, Switzerland.
Solutions without sorbents were prepared by identical procedures to determine the
initial concentrations. The results obtained at pH values higher than the mentioned
limits were discarded due to the reduction of metal concentrations recorded by
measuring the initial solutions. The experiments were done in triplicates at constant
conditions such as ionic strength (0.01 M), sorbent concentration (10 g1™") and
shaking time (24 h).

3.3.3.3 Electrolyte concentration

Sorption of heavy metals by OMCs in two electrolytes were studied by
suspending of 10 g I OMCs in Ca(NOs), or NaNOj solutions at three concentrations
(0.001, 0.01, 0.1 M). The suspensions were shaken at 175 rpm for 24 h at ambient
conditions.

3.3.4 Sorption experiments with combinations of cadmium and
dichromate

According to the results obtained from the sorption isotherm experiments of single
heavy metals (see section 3.5.2.), Cys_ester-, MTP- and HDTM-bent were selected as
the most promising OMCs for the removal of Cd** and Cr,0;> from aqueous
solutions. Sorption experiments of Cd®* and Cr,O;* from their single and binary
component systems with the selected OMCs or Na-bent were conducted at pH 4 in
0.01 M NaNOs; as background solution. The initial concentrations of the sorbates were
0-3and 0-6 mM of Cd*" and Cr,0-%, respectively, and the solid concentration was
10 g I'Y. The suspensions were shaken at 175 rpm for 24h at ambient conditions.

In all sorption experiments, solutions without sorbents were prepared by identical
procedures to determine the initial metal ion concentrations. After reaching the
desired shaking time, the suspensions and solutions were centrifuged at 4500 rpm for
30 min. The concentrations of heavy metals in the supernatants or solutions were
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determined by atomic absorption spectroscopy (AAS). The sorbed amounts of the
metal ions per unit mass (Cs) were calculated by Eq 3-2:

Co= "o e Eq 3-2

where Ci and Ce are the initial and the end concentration of the metal ions in the

solution, respectively. SR is the solid concentration.

3.4 Models calculation

The data from the sorption isotherms of Cd**, Pb®* and Cr,O;* were analyzed
using two commonly applied isothermal models: Freundlich (Eq. 3-3; Sparks, 2003)
and Langmuir (Eq. 3-4; Langmuir, 1918). In addition, a simple linear model was used
for analysing Cr,O-* sorption data.

O Eq.3-3

where Cg is the sorbed amount of metal ions per unit mass, Ce is the concentration of
metal ions at equilibrium in the solution and K; and 1/n are the adsorption capacity

and the adsorption intensity, respectively.

__ bKC,
S T 1+KC,
where K and b are the theoretical Langmuir affinity constant and the maximum

adsorption capacity, respectively.

The constants of Freundlich and Langmuir were calculated from the intercept and
slope of the linear equation form of each.

According to Hall et al. (1966), Langmuir affinity constant is used to obtain a

dimensionless parameter expressed as separation factor (F) defined by Eq. 3-5.

The F value describes the favourability of the sorption process, in which the value
between 0 and 1 indicates favourable sorption and the value of more than 1 indicates
unfavourable sorption (Gupta and Bhattacharyya, 2008).

F=—— e Eqg. 3-5

T 14K G

63



Two kinetic models were used to describe the sorption of Pb** and Cd** ions on
HA-, Carnitin, MTP- and HDTM-bent and sorption of Cr,0;* ions on
Cys_ester-bent. Those sorbents were selected because of their high removal capacities
(see 3.5.2). Lagergren pseudo-first order and pseudo second order kinetic models are
expressed by Eq. 3-6 and Eq. 3-7, respectively, (Ho and McKay, 1999).

2.303

log(qe—qt)=log(qe)— 5 f e Eq.3-6

where g, and g, are the amount of the metal ions sorbed at equilibrium and at time (t),
respectively. K; is the rate constant of the first order sorption, The rate constant was
determined experimentally from the slope of a plot of log(q, — q;) versus t.

where K, is the pseudo-second order rate constant for the adsorption process. The
constants, g and K, were calculated from the plot of qiversus t.
t
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Table 3-1 Acronyms, type of organic modifier, initial modifier concentration, chemical
structure of modifiers, concentration of total organic carbon (TOC) and cation exchange
capacity (CEC) of the natural clayey sediment (bent) and the organically modified
bentonitic sediments used in the current study

Acronym Organic modifier Initial modifier Chemical structure  TOC CEC

concentration** (%) cmolkg™
of modifiers***

bent* - - - 027 48.1
. . NH 0
Cys_ester-bent L-Cystine dimethyl ester® 10 mM a ? e HCL 2.0 45.9
_ - ~5 o
7;('v /j\]ﬁ: HCl
HCl .
Carnitin-bent L-Carnitine? 5mM ;ITJVWO 0.9 51.7
OH O

QP*’@ 81 157

MTP-bent Methyltriphenylphosphonium? 5mM

HDTM-bent  Hexadecyltrimethylammonium® 5mM Ci\/c/\/f\{lc'- 94 320

HA-bent Humic acid* 05gl* 15 547

1 analytical grade, supplied by Fluka. 2 analytical grade, supplied by Sigma & Aldrich

* clayey sediment collected from Qaser el-Sagha locality.

* *jnitial concentration in the suspension

***Molecular structure provided by online Database of Chemicals from Around the World ( http://www.chemblink.com,
04 — 04 - 2011).
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3.5 Results

3.5.1 Speciation of heavy metals

As recorded by the speciation program, the free metal ions are the estimated
species in the initial solutions of heavy metals at any concentration before contacting
with the sorbents. The predicted speciation of Cd** and Pb?* were highly affected by
the sorbent type, the pH and the initial concentration of the metal ions.

At low to medium concentrations of Cd** up to 0.3x10° M with MTP-bent and up to
0.2x10° M with HDTM-bent, free metal cations were the only metal species in the
solutions, whereby Cd®* and CdCI" species represent 96 % and Cd(OH)* represents
2 - 4 % of the total concentrations. With increasing initial concentration, Cd(OH); is
precipitated in addition to the mentioned soluble free metal cations. The percentages
of each species are differing with increasing solute concentration, whereby the
percentages of cationic species are decreased relative to increasing hydroxide forms.
In Na-bent systems, free metal cations are the predominant species at low initial
concentration (87 %), while Cd(OH), forms 96 % of the total solute at the high
concentration. On the other hand, Cd** and CdCI"* are the most common species in the
solution after an equilibration of 24 h at all solute concentrations with HA-,

Carnitin- and Cys_ester-bent sorbents.

At any concentration of Pb*, Pb(OH), precipitation is the only form predicted
with Na-bent, HDTM-, MTP- and Carnitin-bent systems. In the case of HA-bent, free
metal cations are the only expected species up to 0.34x10° M of Pb*, whereby Pb*",
PbCI" and PbOH" represent 80 %, 18 % and 1.2 % of the total concentration,
respectively. The precipitated form of Pb*" started to appear with increasing initial
concentration and reached to 85 % of the total concentration at 3.4x10° M Pb?*. In
Cys_ester-bent system, the free metal cations are only the expected species at any
initial concentration and distributed as follow: 80 % of the solute is Pb?*, 15 % is
PbCI* and 5 % is PbNO;".

The anionic species dichromate and chromate could be the predominant species of
chromate in all systems and at any concentration according to Dionex (1998) and
Ganjali et al. (2012).
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3.5.2 Sorption of cadmium, lead and dichromate

The amount of ions removed from the solutions increased with increasing initial
ion concentrations to different extent. OMCs modified with Carnitin, MTP and
HDTM showed higher Cd?* sorption than the Na-bent. The highest sorption was
achieved by MTP-bent (88.5 mmol kg™ at an initial concentration of 1.24x10 M).
HA-bent showed the same or a little lower sorption of Cd?* relative to the Na-bent.

The OMCs showed Pb** sorption characteristics similar to Na-bent at low initial
concentrations up to 0.2x10"° M. When the initial concentration of Pb?* was increased
to 2.3x10° M, Carnitin-, HA- and Cys_ester-bent exhibited a lower sorption (10, 27
and 73 % reduction, respectively) compared with Na-bent, while MTP- and
HDTM-bent displayed a similar sorption. Further increases of the initial
concentrations reduced the sorption of Pb®* to MTP- and HDTM-bent by 9 or 13 %,
respectively, compared to the sorption by Na-bent.

All OMCs under study were more effective in removing Cr,0;* from solutions
than Na-bent, except the one treated with Carnitin as organic modifier. Dichromate
sorption by Na-bent was very low. The highest Cr,0O;%* sorption was 187 mmol kg™
for Cys_ester-bent at an initial concentration of 9.49x107 M.

The experimental data and fitting curves of the sorption behaviours of Cd**, Pb**
and Cr,0;* on Na-bent and OMCs as a function of the added concentrations of metal
ion after an equilibration for 24 h are shown in Fig. 3-1. The sorption isotherm
parameters and the coefficient of determination (R?) are presented in Table 3-2 and
3-3. As it is revealed by R? Langmuir model describes the sorption data of Cd** and
Pb”* better than the Freundlich model. The maximum Cd** sorption capacities (b) of
the different sorbents varied in a range from 36.9 to 90.1 mmol kg™ and decreased in
the order MTP-bent > Carnitin-bent > HDTM-bent > HA-bent > Na-bent >
Cys_ester-bent (Table 3-2). The maximum sorption capacities of Pb** ranged from
59.6 — 372 mmol kg™ and ordered as follows: Na-bent > MTP-bent > HDTM-bent >
Carnitin-bent > HA-bent > Cys_ester-bent. The order of b values were the same as
that of the sorbed amounts at equilibrium of Cd** and Pb** by the different sorbents
and completely coincided with the trends observed for the isotherms in Fig. 3-1,
which indicates that the Langmuir model is suitable to represent the sorption data of
both metal ions.
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The low R? values of Langmuir (range: 0.03-0.42) and Freundlich (range: 0.15 -
0.82) models for Cr,O;* sorption indicated limitations of these two models to
describe the experimental data (Table 3-3). The simple linear model, however,
resulted in higher R? values in the range 0.73 — 0.92. That was true for all OMCs used
in the current study except for Cys_ester-bent, where, Langmuir and Freundlich
models had higher R? values up to 0.99 (Table 3-3). K¢ parameter of Freundlich model
may consider a theoretic measure of the adsorption capacity (Chiban et al., 2011). In
comparison, the obtained value of Ky parameter was lower than the value of the
sorption capacity of Cr,O;* achieved experimentally at the high initial Cr,0;*
concentration, whereas the calculated sorption capacity from Langmuir model (b) was
close to the experimental value. Thus, Langmuir is the best adequate model fitting
with the observed data from the Cys_ester-bent system.

The relationship between the Separation factor (F) versus C; for Cd**, Pb*" and
Cr,0;* are shown in Fig 3-2. The F values were less than 1 for all sorbents with all
metal ions. Sorption of Pb** by HDTM-, MTP-, Carnitin- and Na-bent were more
favourable (close to zero) for all initial ion concentrations. F values for Pb** and Cd**
sorption by Cys ester- and HA-bent, Cd®** by Carnitin-bent and Cr,0;* by
Cys_ester-bent were more favourable for the higher initial metal ion concentration
than for the lower ones. The sorption was very favourable (close to zero) for Pb** and

favourable for Cd®** and Cr,0;".
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Fig. 3-1 Sorption isotherms of Cd**, Pb* and Cr,0,” by the natural clayey sediment
(Na-bent) and organically modified bentonitic sediment (OMCs).
Solid lines represent Langmuir and dotted lines represent linear model. Symbols show
the mean of measured data of three replicates. HA-, Cys_ester-, Carnitin-, MTP- and
HDTM-bent are the OMCs prepared from the organic modifiers described in Table 3-1.
Ce: concentration of the metal ions at equilibrium
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Table 3-2 Sorption isotherm parameters and coefficient of determinations (R?) of Cd**
and Pb?

Freundlich constants Langmuir constants
Adsorbent K, ® 1Un ® RZ E) b® R?
(mmol kg™) (Ilmmol®)  (mmol kg™)

Cd2+
Na-bent 91.8 0.25 0.846 132 65.7 0.997
HA-bent 90.5 0.55 0.987 7.18 73.5 0.955
Cys_ester-bent 38.9 0.38 0.967 10.5 36.9 0.971
Carnitin-bent 134 0.41 0.983 323 85.7 0.983
MTP-bent 245 0.42 0.797 158 90.1 1.00
HDTM-bent 187 0.32 0.690 436 83.3 1.00

Pb2+
Na-bent 6628 0.61 0.876 600 372 0.939
HA-bent 166 0.42 0.921 15.6 167 0.982
Cys_ester-bent 56.3 0.38 0.861 25.7 59.6 0.999
Carnitin-bent 282 0.26 0.933 249 236 0.999
MTP-bent 1164 0.47 0.726 298 314 0.999
HDTM-bent 927 0.38 0.708 1098 298 1.00

W& @ are Freundlich empirical constants related to sorption capacity and sorption intensity, respectively.

® Langmuir affinity constant, related to the energy of adsorption. > Maximum adsorption capacity. Na-bent: the
natural clayey sediment. HA-, Cys_ester-, Carnitin-, MTP- and HDTM-bent are the organically modified bentonitic
sediments prepared from the organic modifiers described in Table 3-1.
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Table23-3 Sorption isotherm parameters and coefficient of determinations (R?) of
Cr207 i

Freundlich constants Langmiur constants
Adsorbent Linear equation ~ R? K@ In® R KO b R?
(mmol kg'%) (Immol™)  (mmol kg

Na-bent y =1.0518x 0.92 0.837 0.85 0.38 - - -
HA-bent y = 3.7522x 0.90 7.62 0.58 0.82 0.125 55.8 0.42
Cys_ester-bent y =28.122x 0.83 56.2 0.63 0.987 0.304 262 0.99
Carnitin-bent y = 0.7895x 0.73 - - - - - -
MTP-bent y =3.9727x 0.87 0.00006 146 0.72 - - -
HDTM-bent y = 4.5992x 0.79 5.61 0.78 0.82 0.025 185 0.03

W' & @ are Freundlich empirical constants related to sorption capacity and sorption intensity, respectively.

® Langmuir affinity constant, related to the energy of adsorption. > Maximum sorption capacity.

Na-bent: the natural clayey sediment. HA-, Cys_ester-, Carnitin-, MTP- and HDTM-bent are the organically
modified bentonitic sediment prepared from the organic modifiers described in Table 3-1.
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Fig. 3-2 The separation factor (F) versus the initial metal ion concentrations (Ci) for

Cd*, Pb* and Cr,0;*.

Na-bent is the sodium form of the natural clayey sediment. HA-, Carnititn-, Cys_ester-,

MTP- and HDTM-bent are the organically modified bentonitic sediments prepared

from the organic modifiers described in Table 3-1.
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3.5.3 Desorption experiments

Cd?*, Pb** and Cr,0+* desorption data are presented in Fig. 3-3 and 3-4. Cd** and
Pb** showed high desorption from all metal loaded OMCs by using 0.1 M HCI as
desorbing agent. Differences in the sorption reversibility were very small in the range
of less than 10 % following the order Cys_ester- >HA- > Carnitin- > MTP-
> HDTM-bent for Cd** and Cys_ester- > MTP- > HA- > Carnitin- > HDTM-bent for
Pb** (Fig. 3-3).

The sorbed Cd** ions showed no or very limited (Cys_ester- and HA-bent)
desorption when using NaOH and H,O as desorbing agents. In contrast, 67, 60, 88.7,
37.8 and 38.9 % of sorbed Pb?* ions could be desorbed from Cys_ester-, Carnitin-,
HA-, MTP- and HDTM-bent, respectively, by using tap water as desorbing agent and
around 28.5 to 37.8 % could be desorbed when using 0.1 M NaOH as desorbing agent.

The degree of Cr,0+> desorption by the used desorbing agents followed the order
HCI > H,0 > NaOH representing 42.3, 27.9, 14.2 % of the sorbed amount (Fig. 3-4).
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Fig. 3-3 Two desorption steps (I, Il each 24 h) of Cd** and Pb* as percentage of the
element sorbed to different organically modified bentonitic sediments (OMCs) by using
0.1 M HCI, H,0 and 0.1 M NaOH as desorbing agents.

Cys_ester-, Carnitin-, HA-, MTP- and HDTM-bent are the OMCs prepared from the
organic modifiers described in Table 3-1. n.d. noted second desorption step is not
determined. Bars represent means + standard errors; n =3.
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Fig. 3-4 Two desorption steps (I, Il each 24 h) of Cr,0-%as percentage of the element
sorbed to the natural clayey sediment modified with Cys_ester (Cys_ester-bent, see
Table 3-1) by using 0.1 M HCI, H,0 and 0.1 M NaOH as desorbing agents.

Bars represent means + standard errors; n =3.

3.5.4 Factors affecting sorption

3.5.4.1 Sorption time

The relationships between time (t) and Pb®*or Cd** ions sorbed by HA-,
Carnitin-, MTP- and HDTM-bent or Cr,0;* ions sorbed by Cys_ester-, MTP- and
HDTM-bent are shown in Fig. 3-5 and 3-6.

It is shown that the sorption of the metal ions increased with time. The sorbed
amounts of Cd*" approached an equilibrium after 8 h with HDTM- and MTP-bent.
However, only 73 and 81 % of the total sorption of Pb?* ions by MTP- and
HDTM-bent, respectively, were achieved after 12 hours and an equilibrium is not
reached even after 24 h. For Carnitin- and HA-bent, the highest sorbed amount of both
metal ions, 93 - 100 % of Cd®* and 79 — 96 % of Pb?*, respectively, were reached after
30 min. Nevertheless, after 24 the sorption of Pb?* by HDTM- and MTP-bent was
substantially higher than that by Carnitin- and HA-bent (Fig. 3-5).
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Cr,0;% sorption reached the equilibrium state after 2 and 4 hours for MTP- and
Cys_ester-bent, respectively. However, for HDTM-bent an equilibrium is not visible

after 24 h (Fig. 3-6).

The obtained R? from Lagergren pseudo-first order kinetic model showed lower
values compared with that of the pseudo second order model (not shown data). The
calculated constants of the pseudo second order kinetic model and their corresponding
coefficient of determination (R?) are given in Table 3-4. Since the obtained R? for the
pseudo-second-order kinetics model were close to one, except for the MTP- and
HDTM-bent sorbents, the pseudo-second-order kinetics model was found to represent
appropriately the experimental data. Besides, the values of Qe caiculates Obtained from the

model were consistent with those of qe measured aChieved experimentally.
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Fig. 3-5 Time course (t) of sorption of Cd*" and Pb** by organically modified bentonitic

sediments (OMCs).
Carnitin-, MTP-, HDTM- and HA-bent are the OMCs prepared from the organic
modifiers described in Table 3-1. The initial metal concentrations of Pb* and Cd* were

3x10"° M and 3.44x10 M, respectively. Bars represent means * standard errors; n =3
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Fig. 3-6 Time course of the sorption of Cr,0-* by the organically modified bentonitic
sediments (OMC:s).

Cys_ester-, HDTM- and MTP-bent are the OMCs prepared from the organic modifiers
described in Table 3-1. Initial concentration of Cr,O,* was 11.2x10° M. Bars represent
means + standard errors; n =3.

Table 3-4 Parameters of the pseudo-second-order Kinetics models for Cd*, Pb* and
Cr2072_

1

Sorbent (RIS e Ggmmormey
Cd2+

HA-bent 123 124 0.00755 1.00

Carnitin-bent 129 129 0.00072 0.9998

MTP-bent 126 145 0.00004 0.92

HDTM-bent 115 135 0.00003 0.91
Pb2+

HA-bent 131 131 0.001368 1.000

Carnitin-bent 168 168 0.000167 0.996

MTP-bent 301 408 0.000003 0.60

HDTM-bent 282 350 0.000007 0.90

Cr,0/

Cys_ester-bent 186 187 -0.0003 0.997

MTP-bent 83 82 0.0092 0.997

HDTM-bent 139 146 0.0001 0.99

Lis the measured sorbed amount of ion at equilibrium. k, and R? are the pseudo-second order rate
constant and coefficient of determinations, respectively.

bent is the natural clayey sediment. HA, Cys_ester, Carnitin, MTP and HDTM are the organic
modifiers described in Table 3-1.
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3.5.4.2 pH of the initial solution

The influence of the initial solution pH on the sorption of the metal cations and
anion by Na-bent and OMCs are shown in Fig. 3-7.

OMCs showed minimal sorption of Cd®** and Pb®** at pH 2. The sorption was
increased with rising the initial pH from 2 to 4. At pH 4, all Cd** and Pb* ions were
removed from the solutions by Na-bent, MTP- and HDTM-bent, while at the similar
pH, 82, 94 and 67 % of Cd** and 99, 100 and 88 % of Pb*" ions are removed by HA-,
Carnitin- and Cys_ester-bent, respectively. Further increase of the initial pH has no or
only small effect on the sorption of these ions.

The highest sorption of Cr,0-* ions was obtained by MTP-bent at initial pH 2
and 4. With further increases of pH, the sorption was reduced. In contrast, HDTM-

and Cys_ester-bent exhibited a clear maximum at pH 4.
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Fig. 3-7 Effect of initial solution pH on Cd**, Pb** and Cr,O,* sorption by the natural
clayey sediment (Na-bent) and the organically modified bentonitic sediments (OMCs).
HDTM-, MTP-, Carnitin-, HA- and Cys_ester-bent are the OMCs prepared from the

organic modifiers described

in Table 3-1.

concentration was

0.3x10°% M, 0.2x10°* M and 0.6x10° M of Cd**, Pb**and Cr,0-%, respectively.
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3.5.4.3 Electrolyte concentration

Increasing the electrolyte concentration from 0.001 M to 0.01 M and further to
0.1 M by using Ca(NOs), decreased significantly the sorption of Cd** to OMCs by
2410 80 %. The lowest reductions were obtained with HDTM- and MTP-bent. In
contrast, increasing the electrolyte concentration from 0.001 to 0.01 M had no
significant effect on the sorbed Cd** when NaNO; was used as background solution.
Nevertheless, increasing the background concentration up to 0.1 M NaNO; reduced
the sorption significantly by 3 - 37 %, where the lowest reductions were obtained with
MTP- and HDTM-bent (Table 3-5).

At an initial Pb* concentration of 2.3x10° M, MTP- and HDTM-bent were
efficient to remove all Pb?* from the media (not shown data) hiding any effect of the
electrolyte type and concentration. Therefore, the initial Pb®* concentration was
increased to 3.5x10™ M.

When the concentration of Ca(NO3), or NaNOj electrolytes were increased from
0.001 M to 0.1 M, no or only very limited changes (less than 10 %) in the sorption of
Pb** by Carnitin-, MTP- and HDTM-bent are observed. For HA-bent, however, Pb?*
sorption decreased significantly by 47 or 25 % with increasing Ca(NOgz), or NaNOg3
concentration, respectively, from 0.001 M to 0.1 M (Table 3-6).

Rising the background concentration of Ca(NOj3), from 0.001 to 0.01 M enhanced
significantly the sorption of Cr,O;* by the tested OMCs, in case of MTP-bent by
1250 % (Table 3-7). A further increase of the Ca(NO3), concentrations did not lead to
significant changes with Cys_ester- and MTP-bent but it decreased the sorption on
HDTM-bent. Increasing the NaNOj3 concentration from 0.001 to 0.01 M did not affect
significantly the sorption of Cr,0->. A further increase of the NaNOs concentration to
0.1 M increased or decreased the Cr,O;* sorption on Cys_ester-bent or HDTM-bent,
respectively. Cr,O;* sorption on MTP-bent remained unaffected by increasing NaNOs;
concentrations (Table 3-7).
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Table 3-5 Mean amount of sorbed Cd** (mmol kg™) under different electrolytes
concentrations of Ca(NO3), and NaNO3

Sorbent Ca(NOs), NaNO,

0.000M 001M 01M 0001M 001M  01M
HA-bent 111° 66° 22° 146° 143° 93°
Carnitin- bent 161° 115° 62° 164° 167° 128°
MTP- bent 141° 127° 104° 145° 148° 138"
HDTM- bent 138° 128° 105° 141% 142° 137°

Initial Cd*" concentration was 3.4x10™ M. bent is the natural clayey sediment. HA, Carnitin,
MTP and HDTM are the organic modifiers described in Table 3-1. Different small letters in the
same row indicate significant differences (Tukey, p < 0.05) between concentrations within one

electrolyte and one sorbent.

Table 3-6 Mean amount of sorbed Pb?** (mmol kg™) under different electrolytes
concentrations of Ca(NO3), and NaNO;

Sorbent Ca(NOy), NaNO;

0.001 M 0.01M 0.1M 0.001 M 0.01M 0.1M
HA- bent* 127° 88° 134° 129° 100°
Carnitin- bent* 199° 187° 200° 201° 193°
MTP- bent ** 303° 310° 311° 300° 306°
HDTM- bent ** 293° 302° 314 290° 298"

* jnitial Pb®* concentration was 2.3x10° M

**k

initial Pb?* concentration was 3.5x107° M

bent is the natural clayey sediment. HA, Carnitin, MTP and HDTM are the organic modifiers described in Table 3-1.
Different small letters in the same row indicate significant differences (Tukey, p < 0.05) between concentrations
within one electrolyte and one sorbent.
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Table 3-7 Mean amount of sorbed Cr,0-* (mmol kg™) under different electrolytes
concentrations of Ca(NO3), and NaNO3

Ca(N03)2 NaNO;
Sorbent
0.001M  0.01M 0.1M 0.001M  0.01M 0.1M
Cys_ester- bent 103° 125° 113" 103° 99° 112°
MTP- bent 2P 27° 212 212 18° 118
HDTM:- bent 17° 31° 17° 33° 28? 13°

Initial Cr,0;% concentration was 3x10™ M. bent is the natural clayey sediment. Cys_ester, MTP and
HDTM are the organic modifiers described in Table 3-1. Different small letters in the same row
indicate significant differences (Tukey, p < 0.05) between concentrations within one electrolyte and
one sorbent.

3.5.5 Sorption experiments with combinations of cadmium and
dichromate

A general decline in Cd** sorption by all sorbents with differences in the amounts
are observed in the binary component systems as compared with the single component
systems (Fig. 3-8). This phenomenon was most pronounced by HDTM- and
MTP-bent. However, at low initial concentrations of Cd** and Cr,0;* (0.5 and
1.0 mM, respectively), the differences between the sorbed amounts of Cd?* from the
binary component system and those from the single component system were not
relevant (2 - 5 %).

Among the sorbents, Cys_ester-bent showed the lowest Cd®* sorption, which is in
agreement with the isotherm experiment reported in Fig. 3-1. At the same time, the
sorption of Cd?* to Cys_ester-bent was not affected significantly by the existence of
Cr,0/.

As shown on Fig. 3-9, the presence of Cd*" increased significantly sorption of
Cr,07% in the binary component systems, reaching 5.2, 373 and 1.3 fold when using
HDTM-, MTP- and Cys_ester-bent, respectively. In general, sorption of Cr,0;* on
Na-bent was very low reaching only 1.5 and 15.0 mmol kg™ in single and binary
component systems, respectively. In the single component systems, the sorption of
Cr,0/% decreased in the order Cys_ester- > HDTM- > MTP- > Na-bent. However,
this order changed to HDTM- > Cys_ester- > MTP- > Na-bent for Cr,O-* sorption
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from the binary component systems. The enhancement in Cr,O;* sorption with the
presence of Cd** was most pronounced for HDTM-bent at the higher initial

concentrations of the two metal ions.
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Fig. 3-8 Sorption of Cd*" alone and in combination with Cr,0;> by natural clayey
sediment (Na bent) and selected organically modified bentonitic sediments (OMCs) from
aqueous solutions.

Brackets show the initial concentration of Cr,0,>. HDTM-, MTP- and Cys_ester-bent are
the OMCs prepared from the organic modifiers described in Table 3-1. Bars represent
means + standard errors; n =3. Stars indicate statistically significant differences (Tukey
test, P < 0.05) between the sorbed Cd®* from single and binary component systems within
one initial concentration of the pollutants and one sorbent
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Fig. 3-9 Sorption of Cr,0,* alone and in combination with Cd* by natural clayey
sediment (Na bent) and selected organically modified bentonitic sediments (OMCSs) from
aqueous solutions.

Brackets show the initial concentration of Cd**. HDTM-, MTP- and Cys_ester-bent are
the OMCs prepared from the organic modifiers described in Table 3-1. Bars represent
means * standard errors; n =3. Stars indicate statistically significant differences (Tukey
test, P < 0.05) between the sorbed Cr,O;* from single and binary component systems
within one initial concentration of the pollutants and one sorbent.
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3.6 Discussion

3.6.1 Sorption and desorption characteristics of cadmium, lead and
dichromate

Although the Langmuir model is the best model which fits to the isotherm data,
adsorption cannot be defined as the sole predominant mechanism playing a role in the
removal of heavy metals under the employed study conditions. This was confirmed by
Sparks (2003), who stated that Langmuir model can represent well the adsorption or
precipitation systems. Further, it is stated in literature that several processes are
included in the removal of heavy metals by clay minerals (Bergaya et al. 2006).

It can be implied from the predicted speciation of the metal ions that adsorption is
the main mechanism which controls the removal of Cd?* by Na-bent, MTP- and
HDTM-bent at the low initial solute concentration, Cd**, Cd(Cl)* and Cd(OH)" being
the predominant species. Adsorption together with hydroxide nucleation and
precipitation at the sorbents surfaces seem to be processes which contribute in the
removal of Cd** by the mentioned sorbents with increasing the solute concentration,
where cationic species as well as hydroxide precipitation are the estimated forms of
Cd?*. The free metal cations are the prevalent Cd** species in Carnitin-bent systems at
any solute concentration. Therefore, ion exchange and surface complexation are the
proposed mechanisms explaining the removal of Cd** by Carnitin-bent. In addition,
Carnitin possess carboxylic groups in its structure that gives Carnitin-bent additional
specific active sites on the surface as compared with Na-bent. These sites play an
important role in the removal of cationic heavy metals. Higher CEC value of
Carnitin-bent as compared to Na-bent may support the latter explanation concerning
the role of carboxylic groups (Table 3-1).

At the same initial concentration, sorption of Pb** was higher than of Cd** to all
sorbents, which is consistent with the favorabilities depicted by F values. This finding
is in agreement with the observed data by Barbier et al. (2000). Surface precipitation
is the suggested process playing the main role in the removal of Pb** by Na-bent,
MTP-, HDTM- and Carnitin-bent, since Pb(OH), is the expected form of Pb®* at any
initial solute concentration.

The formation of polynuclear complex and hydroxide precipitation of metal ions on

the clay and silicate surfaces at high concentrations of ions and at neutral or high pH
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was previously proposed by several studies (Parker and Rae, 1998; Huang and
Fuerstenau, 2001; Agrawal and Sahu, 2006). Compared with Na-bent systems,
enhancement in the sorption of Cd** and reduction in the sorption of Pb* are
observed in HDTM-, MTP- and Carnitin-bent systems. Those phenomena probably
are due to the smaller ionic radius of Cd** compared to Pb*, enabling Cd** to
penetrate more easily into the interlamellar of the sorbents. Further, loading the clayey
sediments with MTP and HDTM led to expand the interlayer space of the clay
(Chapter 2) providing more interaction surfaces for the metals ions, which enhances
the sorption of Cd®* to MTP- and HDTM-bent compared to Na-bent. Stathi et al.
(2007) concluded that the intercalated organic substances in the modified
montmorillonite strongly bind with the first hydroxide species of the metal ions,
resulting in an increase of the removal of heavy metals compared with the untreated
clay.

The speciation of heavy metals showed that the metal cations and the mono hydroxide
and mono chloride forms are the predominant species of Cd®* and Pb*" in
Cys_ester-bent systems. In other words, the precipitation of the metals ions is not
expected in the presence of that sorbent, explaining probably the lower removal of
these pollutants by Cys_ester-bent than Na-bent. Further, our previous work
elucidated a reducing in the basal spacing of the clayey sediment after the loading
with Cys_ester (Chapter 2). The produced collapse may partially reduce the
accessibility of the metal ions to the interlayer spacing, resulting in a reduction of the
sorption of Cd®* and Pb? by Cys_ester-bent compared with other sorbents.
Nevertheless, Cys_ester-bent showed the ability to remove 90 % of Pb*" or 54 % of
Cd** at the low initial solution concentration (0.35x10° M of Pb*" or Cd®*). The
removed amounts of these metal ions are reduced with increasing their initial
concentrations in the solutions. Cys_ester is a small molecule and is loaded on the
clay with percentage less than the CEC of the natural clayey sediment (Chapter 2).
Cruz-Guzman et al. (2005) reported that the small organic cations are loaded on the
modified smectite as separated ions in the interlayer spacing, providing occupied
areas with organophilic characteristics and non-occupied areas have the adsorptive
properties of the natural smectite. Moreover, Cys ester has different types of
functional groups, such as disulfide and carbonyl groups. Hence, the sorption of Cd**
and Pb* by Cys ester-bent can be attributed to different processes: (i) surface

complexation on the non-occupied surface, (ii) binding with the functional groups
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provided by the Cys_ester and (iii) ion exchange mechanisms. The occupation of the
suitable adsorption sites on Cys_ester-bent increases with increasing initial solution
concentration and thus reduces the removal of metal ions at high concentrations. Jr
and Spiff (2005) observed that the functional groups on the sulfur-modified
biosorbent bind quickly with the available metal ions at the low initial concentration.

It is well known in literature that HA is an organic macromolecule that contains
varieties of functional groups like alcohol, amide, amine, carboxylic, carbonyl,
phenolic, hydroxyl and quinone groups (Adekunle et al., 2007; Leita et al., 2009). The
presence of oxygen-containing functional groups such as carboxyl and phenol on HA
structure enables HA-bent to bind Cd®* and Pb?* ions. The maximum sorption of Cd**
by HA-bent was higher than by Na-bent which in a contrast with the observed data by
Levy and Francis (1978), who found that the coating of Ca- or Na-montmorillonite
with HA, which was extracted from soils, has no influence on their removal capacities
of Cd?*. Sorption of Cd** on HA-bent may mainly refers to adsorption and surface
complexation mechanisms, since the free metal cations are the predominant species in
the system at any initial metal concentration. These mechanisms played also the main
role in the sorption of Pb®* at low initial concentration, whereas surface precipitation

might be involved with increasing initial Pb** concentration.

The negligible sorption of Cr,0;* by Na-bent and Carnitin-bent is attributed to the
predominant negative charges on the clay’s surface of both sorbents in addition to the
deprotonated carboxylic group on Carnitin-bent, which repulses the similar charged

free ions in the solution.

Sorption of Cr,0+> by the other sorbents could mainly be due to the binding between
Cr,0/% ions and the protonated amino groups in the structures of HDTM- and
Cys_ester-bent or the phosphonium ion in MTP-bent. Anion exchange might be
another interpretation for the removal of Cr,0;% by these sorbents, whereby the
Cr,0;* anions in the solution are exchanging with the counter anions associated with
the sorbents. Similar explanations were reported by Sarkar et al. (2010) in their study
on the usage of commercial type of alkyl ammonium material to remove Cr,0;% at
lower concentrations than those employed in the herein study. Further assumptions to
explain the sorption of Cr,0-* were reported by Majdan et al. (2005). They assumed
that Cr,0-> ions are bound with HDTM which was loaded on the hydrophobic
surface of the clay via Van der Waals forces, forming HDTMHCrO4-----HDTM-clay.
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Moreover, Cys_ester is a divalent organic cation, which is bound with the clay surface
probably via one of its amino groups, providing more positive charge on the clay
surface by the non bound amino group. That, consequently, increases the sorptivity of
Cr,0;* to Cys_ester-bent more than HDTM- and MTP-bent. An interaction between
anions and standard HAs was studied by Pacheco et al. (2003) and Leita et al. (2009).
This interaction was related to the zweitterionic character of HAs and the formation of
anion-humic micelles. Leita et al. (2009) added that the persistence of Cr(V1) in the
soil might be interpreted by the formation of Cr(V1)-HA micelles. Hence, the removal
of Cr,0/> by HA-bent from the solution under our study conditions could be
attributed to the binding of free metal anions with the positively charged sites and the
formation of Cr,0,%-HA micelles on the sorbent surface.

Sorption of metal ions by all sorbents can be expressed by the pseudo second
order kinetic model. That model was also selected as an appropriate kinetic model to
describe the sorption of heavy metals on modified bentonite by Huang et al. (2011).
The model may indicate chemical sorption as noted by Rao et al. (2006).

The low sorption of metal ions by OMCs at initial pH 2 may refer to the
competition between the H* and the metal cations on active sorption sites. In addition,
protonation of the functional groups, like surface hydroxyl, carboxyl or amino groups,
on the sorbents might take place, producing repulsive forces to positively charged
ions in the solution (Malakul et al., 1998; Al-Jlil, 2010). These results are in
agreement with that obtained by Oyanedel-Craver and Smith (2006) in their study on
the sorption of Cd*" and Pb?* by HDTM-bentonite at different pH. With increasing
initial pH deprotonation of the functional groups may occur. Consequently, the metal
ions species react with the sorbent surfaces via electrostatic forces, surface
complexation and precipitation thus enhancing the sorption of Cd** and Pb**. Agrawal
and Sahu (2006) and Papelis and Hayes (1996) demonstrated that sorption of metal
ions on clay minerals may take place on the permanent charge and surface hydroxyl
sites at pH higher than 6.5 at low electrolyte concentration. The effect of pH on the
sorption of Cd®* and Pb®* by OMCs recorded a similar trend as that reported on the
sorption of these metal ions by activated carbon from industrial wastewater, whereby
the highest sorption was recorded at pH 4 and remained constant up to pH 10
(Kadirvelu et al., 2001).
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Optimal sorption of Cr,0-* was recorded at pH 4. At this pH, amino or phosphonium
groups on the sorbents are protonated, providing positive charges on the surfaces and
increasing the sorption of anions. A similar trend was shown by Pandey et al. (2010)
and Hong et al. (2008). Increasing pH reduces the sorption of Cr,O;%. The reason can
be referred to the partial deprotonation of the silanol and aluminol groups on the
sorbents producing net negative charges on the surface which led to a repulsion with
anions in the solution. The described effect could be also due to the deprotonation of
the amino groups reducing the ability of the sorbents to bind with Cr,0* ions. In
addition, an increase in the pH increases the concentration of OH" ions in the medium

which compete with Cr,0;* on the sorption sites (Majdan et al., 2005).

The reduction in the sorption of Cd** obtained with increasing the Ca(NOs),
concentration can be attributed to the competition between Ca** and Cd** on the
sorption sites. These competition phenomena may confirm the assumption that
adsorption mechanisms are involved in the removal of Cd** by OMCs. The
competition was less pronounced with MTP- and HDTM-bent, indicating that other
mechanisms such as surface precipitation or poly-nucleation are involved in the
sorption of Cd** by these sorbents. However, the presence of NaNOs up to 0.01 M had
no significant effect on the sorption of Cd**, which might be refered to the low ability
of monovalent cations (Na*) of the electrolyte to compete with the divalent metal
cations (Cd?"), particularly at low concentrations of Na* ions. If the electrolyte
concentration increased, the competition phenomenon becomes more important,
leading to a reduction of Cd** sorption. No relevant differences in the sorption of Pb**
by Carnitin-, MTP- and HDTM-bent were observed with changing of the electrolyte
concentration. This may indicate that other mechanisms rather than adsorption were
playing the main role in the sorption of Pb?*. The obtained behavior of Pb?* in this
study was in accordance with that obtained for the sorption of metal ions to
montmorillonite by Chen and Hayes (1999) under similar electrolyte concentration.
The authors confirmed the sorption via forming surface co-precipitates by X-ray
absorption spectroscopy investigations. Moreover, the higher affinity constant (K)
recorded for MTP- and HDTM-bent with Cd®* or Pb** among all OMCs, could be
another explanation for the low or none influence of the electrolyte concentration on

the sorption of metal ions by both sorbents (see section 3.5.2).
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In contrast, the sorption of Pb** ions by HA-bent was significantly influenced by
increasing concentrations of different electrolytes due to the competition between
Pb** ions and Ca*or Na' ions on the active sorption sites on HA-bent. In an
investigation on the sorption of Cd®* and Pb** on particulate organic matter in soils,
the influence of electrolyte concentration on the sorption of metal ions were attributed
to the nature of the binding sites on the sorbent (Guo et al., 2006). The ability of
electrolyte ions to replace the metal ions was increased with the availability of outer-
sphere adsorption sites and was reduced with the inner-sphere adsorption. Comparing
that finding with the results of this study, the formation of outer-sphere complexes

could be suggested as a mechanism of the sorption of Cd®* and Pb** to HA-bent.

The obtained results support the predicted speciation of the metal ions and the
proposed sorption mechanisms reported above.

Slight decrease in the sorption of Cr,0; was recorded when NaNO; was used as
background electrolyte (Table 3-7). This trend could support the assumption that
inner-sphere complexes are prevalent processes in the sorption of Cr,0-* by OMCs
(Goh et al., 2010). However the enhancement of the sorption of Cr,O;* observed in
case of Ca(NOs), was unexpected. This finding may be referred to the role of Ca,
whereby the Ca ions of the electrolyte may form a ternary complex with the Cr,0;*
ions at the sorbents surface (OMC-Ca-Cr,0;), providing additional sorption sites for
Cr,0;%. Elzinga et al. (2001) stated that the formation of Pb-SO, ternary complexes at

the goethite surface promoted the sorption of SO4>.

The high recovery of Cd** and Pb* achieved by HCI may be attributed to
increasing protons (H") concentrations, which replaces the sorbed metal cations on the
sorption sites. Further, acidic conditions provided by HCI led to a protonation of the
functional groups on the OMCs, reducing the binding with metal cations and
displacing the bound cations by H*. On the other hand, deprotonation of the
functional groups may occur due to the usage of NaOH as desorbing agent, inhibiting
the desorbability of the metal ions. Similar explanations were reported by Wankasi
etal. (2005). Approximately, half of the sorbed Cr,0-* ions were retained on the
OMC:s, indicating partial irreversibility of these ions by Cys_ester-bent. Incomplete
reversibility of the sorbed Cr,O;* ions on HDTM-modified clinoptilolite was
obtained previously by Haggerty and Bowman (1994). Desorbability of the metal ions
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give the potential for the sorbents to be regenerated and reused in the pollutants
removals, increasing the economic feasibility of OMCs.

3.6.2 Competition effect of cadmium and dichromate sorption

Sorption of Cd*" ions neutralizes the negative charges on the sorbent surface,
which reduces the surface repulsion with the anions in the solutions and promotes the
sorption of Cr,0;%. On the other hand, sorption of Cr,0+* probably causes a steric
hindrance for Cd®* ions, limiting the access of Cd®* ions to the active sites on the
OMCs. In case of a Cys_ester-bent system, no significant differences between the
sorption of Cd** and Cr,0+* from their single and binary component systems were
observed. Such behavior indicates that each of these ions adsorbed on different
sorption sites of Cys_ester-bent.

It can be concluded from the results that MTP-, HDTM- and Cys_ester-bent have
the potential to remove anions and cations pollutants at all initial concentrations. That

indicates the prospective application of the proposed OMCs in wastewater treatment.

3.7 Conclusions

Natural bentonitic sediments loaded with organic modifiers possesses different
functional groups (OMCs) were used in the removal of cationic (Cd** and Pb?*) and
anionic (Cr,0;%) pollutants from aqueous solutions. Successful removal of the metal
ions by the prepared sorbents was shown, whereby the maximum sorption capacities
were different according to the modifier type. The sorption of Cd®* and Pb** at the
low initial ions concentrations probably occurred via adsorption mechanisms, whereas
ion exchange as well as surface complexations and precipitation is probably involved
in the sorption of the metal ions at high initial concentration. Sorption of Cr,0;> was
mainly controlled by adsorption mechanisms. In addition, the presence of functional
groups with oxygen, i.e. phenol, carbonyl and carboxylic groups, as well as disulfide
and amino groups on the structure of the organic modifiers increased the abilities of
the modified bentonitic sediments towards an effective depletion of the studied metal
ions from aqueous solutions.

Highest removals of the metal ions Cd®* and Pb?* were obtained at pH ranging
from 4 to 8 and from 4 to 6, respectively. Optimum sorption of Cr,O;* exhibited at
pH 4. The sorption data were expressed by Langmuir isotherm model and followed
the pseudo second order kinetics. Desobability of the studied heavy metals were
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achieved by 0.01 M HCI as desorbing agent, indicating a possibility for the reuse of
the OMCs. It can be concluded from the sorption of metal ions from the binary
systems that the OMCs have the potential to remove both cationic and anionic

pollutants from their binary component systems.
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4. Simultaneous Sorption of Organic and Inorganic Pollutants
on Organically Modified Bentonitic Sediments

4.1 Abstract

Natural clayey sediments initially treated with various organic modifiers with
different functional groups (OMCs) were tested to remove heterogeneous pollutants
from aqueous solutions. Metalaxyl-m (MM) as organic pollutant, Cd** and Cr,0,* as
cationic and anionic inorganic pollutants, respectively, were selected as common
pollutants frequently detected in drainage and wastewater. Sorption experiments with
OMCs were conducted as function of the initial concentrations of all pollutants.

The results from the single component systems showed a higher sorption of MM
by OMCs as compared with the natural clayey sediment (bentonitic sediment).
Freundlich model properly described the sorption data. The highest soption constants
(Kf) were displayed by OMCs with the organic modifiers Hexadecyltrimethyl-
ammonium (HDTM-bent) and L-Cystine dimethyl ester (Cys_ester-bent). The
sorption of MM can be explained via adsorption mechanisms and hydrophobic
interaction with the organic modifiers located in the interlaminar of clay.

Competitive phenomena were recorded between the pollutants when their sorption
from the ternary component systems was investigated. Compared with their sorption
from the single component systems, in the ternary component systems a reduction in
the sorption of Cd** to OMCs with Methyltriphenyl-phosphonium organic modifier
(MTP-bent) and HDTM-bent as well as in the sorption of MM to HDTM-bent was
observed. Concomitantly, remarkable enhancements in the sorption of Cr,0;% to the
mentioned OMCs were obtained from the ternary component systems.

The presence of Cd®* and Cr,O;* in the ternary component systems promoted the
sorption of MM to Cys_ester-bent as compared to the sorption of MM when it was the
only solute in the system. However, no appreciable changes in the sorption of Cd**
and Cr,0+* to Cys_ester-bent from the ternary component systems compared with the
single component systems were found.

The results illustrated that the natural clayey sediment had no potential to remove
heterogeneous pollutants from an aqueous solution. However, OMCs exhibited high
efficiencies in the removal of both cationic and anionic inorganic as well as organic
pollutants from aqueous solutions.
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4.2 Introduction

Metalaxyl-m (MM) is a fungicide widely used in Egypt and worldwide to control
plant diseases in field crops and vegetables as well as in green houses as soil or foliar
application. Owing to its properties as a stable and resistance substance at day light at
a broad range of pH (Andrades et al., 2001), it was detected in high concentrations in
agricultural drainage water (Miller and Busser, 1995). Cadmium and chromate are
inorganic pollutants often found in the wastewater. Since metals and organic
compounds have different behavior and transport characteristics in soil and water,
remediation of both contaminants simultaneously is generally more difficult than of a
single contaminant (Oyanedel-Craver and Smith, 2006). The development of an
adsorbent, which removes heavy metals and organic pollutants at the same time in
heterogeneous combinations is thus rather challenging. There have been considerable
efforts in developing modified clay based adsorbents for the removal of these
pollutants.

The efficacy of using organo-clay complexes for the adsorption of organic
pollutants was reported in literature (Sheng et al., 2001; Shakir et al., 2008; Suciu and
Capri, 2009). A common method to produce organo-clay complexes is replacing
(partly) the clay’s natural inorganic exchangeable cations by organic cations. The type
of these organic ions plays an important role in the adsorptive properties of the
modified clay. Azejjel et al. (2009) investigated the sorption of terbutryn (basic),
dicamba (anionic) and paraquat (cationic) herbicides by natural and modified
Moroccan clay. They concluded that modifying the clay with long chain organic
compounds was effective to remove anionic and basic herbicides, while the original
clay was effective to remove the cationic ones. The significance of using long-chain
organic ions in the modification of clay minerals toward the adsorption of
hydrophobic fungicides was also reported by Rodriguez-Cruz et al. (2007). They
concluded that the modification of montmorillonite clay by two-chain organic cations
increased the Freundlich constant 4 to 112 fold for metalaxyl as compared to the
unmodified clay. Further, Cruz-Guzman et al. (2004) used natural organic cations
with low charge montmorillonite to prepare organo-clay complexes with different
functional groups (such as NH,, COOH, CS; or pyrimidine ring). The organo-clay
complexes were used to adsorb the herbicide si4.4mazine. The authors demonstrated
that the presence of the functional groups afforded a suitable interlayer environment

which increased the adsorption efficiency of the modified clay to simazine.
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Consistent with the above idea, the simultaneous sorption of lead and
chlorobenzene was investigated by Sheng et al. (1999) using organo-clay complexes
with carboxylic functional groups and montmorillonite as clay material. As stated
from their results, Ph?* was efficiently bonded to the carboxylic group and the organo
clay was effectively capable to remove both pollutants Pb?* and chlorobenzene from
their binary component system.

The simultaneous adsorption of pollutants by organo-clay complexes is affected

by the presence of other solutes in the medium, which might cause a competition on
the adsorption sites of the clay. Separate adsorption of Pb, Cd, Zn and Hg on
benzyltriethylammonium bentonite clay (BTEA-clay) and hexadecyltrimethyl-
ammonium bentonite clay (HDTMA-clay) in the presence or absence of benzene was
studied by Oyanedel-Craver et al. (2007). The authors observed competitive behaviors
between the organic pollutant and the metal ions. These behaviors were indicated by a
decline in the adsorption of metal ions in presence of benzene as compared with those
in absence of benzene. The competitive effects were pronounced with all the metal
ions studied except for Hg, which showed no difference in the adsorption. They also
reported that the presence of heavy metals decreased the adsorption of benzene on
BTEA-clay relative to that from the single solution system.
In an investigation aiming to stabilize wastes by using modified bentonite with
benzyldimethyl octadecyl-ammonium in cement-based processes, a strong
competitive effect was found when the modified bentonite was used for the adsorption
of 2-chlorophenol (CP) simultaneously with Cd or Pb from aqueous solutions (Andini
et al., 2006). As compared with the sorption of a pollutant as sole contaminant, the
competition between both inorganic and organic contaminants reduced the adsorption
of CP to the half, whereas no or only a slight adsorption of Cd and Pb were obtained.

More work is needed to study the adsorption of different type of pollutants
(anionic, cationic, organic and inorganic) by organically modified clayey sediments.

In our previous studies the effectiveness of organically modified bentonitic
sediments (OMCs) as environmentally friendly and cost effective sorbents in the
removal of Cd**, Pb®* and Cr,O;¥in single and binary component systems were
investigated. In this study, OMCs, which were synthesized from natural clayey
sediments by loading with various types of organic modifiers (Humic acid, L-
Carnitine, L-Cystine dimethyl ester, Methyltriphenyl-phosphonium and Hexadecyltri-
methylammonium) are evaluated with respect to their potential to remove different
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pollutants (Cr,O-*, Cd** and MM) simultaneously from aqueous solution. Hereby, the
following hypotheses were tested: i) Modification of natural clayey sediments with
different organic modifiers increase the sorption of MM. ii) the presence of
dichromate (anionic) and cadmium (cationic) affect the sorption of MM by OMCs.

4.3 Materials and Methods

4.3.1 The sorbent materials

The materials used in this study were organically modified bentonitic sediments
(OMCs) synthesized from natural clayey sediments treated with different organic
modifiers (see structure in Fig. 4-1) according to the procedure described in chapter 3.
The natural clayey sediment was collected from Qaser el-Sagha, El-Fayoum, Egypt.
Smectite clay minerals are the predominant component in this sediment and cation
exchange capacity is 48.1 cmol kg™ (Chapter 2). The clayey sediment was used as
sodium clay (Na-bent). In brief, the organic modifiers were dissolved in 1 mM HNO3
and mixed with Na-bent to obtain a solid concentration of 10 g I"". The concentrations
of the organic modifiers in the suspensions were 5x10° M of L-Carnitine (Carnitin),
Hexadecyltri-methylammonium (HDTM) or Methyltriphenyl-phosphonium (MTP),
10x10° M of L-Cystine dimethyl ester (Cys_ester) or 0.5 g I"* of Humic acid (HA).
The suspensions were shaken for 27 h under dark conditions at room temperature.
Afterwards, they were centrifuged and the solid materials were washed with ultrapure
deionized water and freeze dried. The exact procedure and the characteristics of all
prepared materials are described in chapter 2 and 3. The obtained materials denoted as
Carnitin-bent, Cys_ester-bent, MTP-bent, HDTM-bent and HA-bent for the OMCs
modified with Carnitin, Cys_ester, MTP, HDTM and HA, respectively.

4.3.2 The pollutants tested

High purity Cd(NOs3),-3H,0 (Fluka, 99 %) and K,Cr,O; (Sigma-Aldrich, 99 %)
were used in the preparation of heavy metal solutions. Metalaxyl-m pestanal, HPLC
analytical standard, 99 % (N-(2,6-Dimethylphenyl)-N-(methoxyacetyl)-D-alanine
methyl ester) was supplied from Sigma-Aldrich Chemie GmbH in liquid form (see
structure in Fig. 4-1).
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4.3.3 Screening experiment with metalaxyl-m

To test the sorbability of OMCs for MM, screening experiments were performed
by mixing 2 mg I'* MM, prepared in 0.01 M NaCl at pH 4, with Na-bent or OMCs in
centrifuge tubes. The solid concentration was 10 g I'*. The samples were shaken for
24 h with 175 rpm at ambient conditions. To exclude the sorption of fungicide by the
tubes, control samples without sorbent were prepared by identical procedures to
determine the initial concentration of MM. The experiments were performed in

duplicates.

4.3.4 Sorption isotherm experiment with metalaxyl-m

To study the sorption isotherms of MM, batch sorption experiments were
conducted by using Na-, Cys ester-, MTP-, and HDTM-bent with different
concentrations of MM ranging from 0to 2 mg I™*. The samples were prepared in
0.01 M NaNO3 at pH 4 in triplicates. Samples were shaken for 24 h at ambient
conditions.

4.3.5 Sorption of metalaxyl-m, cadmium and dichromate from single and
ternary component systems

Sorption isotherm experiments were carried out to study the competitive effects of
organic and inorganic pollutants on their sorption by Na-bent and OMCs from ternary
component systems compared with single component systems. Each sorbent was
equilibrated with 0.01 M NaNO; (pH 4) containing concentrations of 0-2 mgI*
MM, 0 - 3 mM Cd* and 0 - 6 mM Cr,0;* individually or mixed (ternary component
systems) in triplicates. The solid : liquid ratio was 10 g I'*. The samples were shaken
for 24 h at room temperature.

In all sorption experiments, solutions without sorbents were prepared by identical
procedures to determine the initial concentration of pollutants. Afterwards, the
suspensions and solutions were centrifuged and the supernatants were removed for
analyses.

The concentrations of MM in the supernatants and solutions were determined by
high-performance liquid chromatography LC-MS/MS (HPLC; Sil-20, Shimadzu,
Germany). The following conditions were used: Column: Gemini-NX C18,
150 x 3mm, 3 um core size, Phenomenex; flow rate: 0.3 ml mint; injection

volume: 5 pl; eluent system: ammonium acetate in methanol; Temperature: 30°C.

96



External calibration was used for quantification. The concentrations of heavy metals
in the supernatants or solutions were determined by atomic absorption spectroscopy
(AAS) using an Unicam 939 AA spectrometer.

The sorbed amount of each pollutant was calculated by the difference between the
initial and the final sorbate concentration.
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Fig. 4-1 Chemical structure of the organic modifiers and metalaxyl-m (fungicide).

The Molecular structure provided by online Database of Chemicals from Around the
World (http://www.chemblink.com, 04 — 04 - 2011). * Analytical grade, provided by
Sigma & Aldrich, Germany, ** Analytical grade, supplied by Fluka.

4.4 Models calculation

Sorption isotherms data of MM from the single component system were
analyzed using Freundlich isotherme (Eq. 4-1; Sparks, 2003).

Cs = KpCl --mmmmmmmmmmmmmmmmmmo oo Eq. 4-1
logCs =logK; + —logC, --------------- Eq. 4-2

Where C; is the sorbed amount of MM per unit mass, C. is the concentration of MM
at equilibrium in the solution; Ky and % are the constant parameters indicated the

relative sorption capacity (when C,=1; Carrizosa et al., 2000) and the sorption
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intensity, respectively. The constants of Freundlich were calculated from the intercept
and slope of the linear form (Eq. 4-2).

In order to determine the competitive effect on the sorption of the organic (MM)
and inorganic (Cd®*; Cr,0+%) pollutants, the sorption data of each pollutant from each
single and ternary component system were compared statistically by using Tukey test
(p < 0.05).

4.5 Results

4.5.1 Screening experiment

Sorption of MM by the different OMCs and Na-bent are presented in Fig. 4-2.
Among all sorbents, the lowest sorption of MM was recorded for Na-bent. OMCs
showed increasing sorption of MM in the following order:
Carnitin- < HA- < MTP- < Cys_ester- < HDTM-bent.
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Fig. 4-2 Sorption of metalaxyl-m (MM) on natural clayey sediment (Na-bent) and
organically modified bentonitic sediments (OMCs).

HA-, Carnitin-, Cys_ester-, MTP- and HDTM-bent are the OMCs with the organic
modifiers described in Fig. 4-1. Initial concentration of metalaxyl-m was 2 mgI?,
prepared in 0.01 M NaCl at pH 4. Bars indicate standard errors of the means (n=2).
Columns with different letters are statistically significant different in the sorbed MM
between the different sorbents (Tukey test, p < 0.05).
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4.5.2 Sorption isotherms of metalaxyl-m from single component systems

Fig. 4-3 shows the sorption isotherms of MM by Na-bent and OMCs and
Table 4-1 presents the parameters and coefficients of determination (R?) of the
Freundlich isotherm. Na-bent showed very low sorption of MM (0.7 — 7.6 mg kg™) at
low to the middle initial MM concentrations, which increased to 20 mg kg™ at the
highest initial concentration. A similar trend was exhibited by the sorption of MM to
MTP-bent. The results indicated that the sorption of MM by OMCs increased with
increasing initial concentration and did not reach the plateau even with the highest
initial concentration (2 mg ™). Modifying the clayey sediment with HDTM and
Cys_ester increased the sorption of MM by 11 fold at the low initial concentrations
and 2.3 fold at the highest initial MM concentrations compared with Na-bent.
Freundlich model were found to appropriately represent the observed sorption data
indicated by the high R® (Fig. 4-3 and Table 4-1). Cys_ester- and HDTM-bent
achieved the highest sorption coefficient (K¢) among the tested sorbents (Table 4-1).

99



80

Na-bent

40 - -

'_‘/-‘\
0 Cys_ester-bent
fn = T T T T
é 80
E MTP-bent
=

60 1 .

40 1 .

20 - .

HDTM-bent M
0 . . . ‘ . . .

0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6

Concentration of MM at equilibrium
(mg1’)

Fig. 4-3 Sorption isotherms of metalaxyl-m (MM) on natural clayey sediment (Na-bent)
and organically modified bentonitic sediments (OMCs) from single component systems
Lines show Freundlich model fiting to the measured data. Cys_ester-, HDTM- and
MTP-bent are the OMCs with the organic modifiers described in Fig. 4-1. Initial
concentrations of metalaxyl-m ranged from 0 to 2 mg I}, prepared in 0.01 M NaNO; at
pH 4. Standard errors are hidden by the data points (n=3).

Table 4-1 Freundlich equation parameters and coefficients of determination (R?) for
metalaxyl-m sorption

Adsorbent log Ky K¢ 1/n** R?
Na-bent 0.96 9.09 1.71 0.997
Cys_ester-bent 1.84 68.7 1.11 0.999
MTP-bent 0.71 5.11 1.39 0.987
HDTM-bent 1.79 61.6 1.01 0.99
*Freundlich sorption constant. ** Freundlich exponent (intensity).

Na-bent is sodium form of the natural clayey sediment, Cys_ester-, HDTM- and MTP-bent are the
OMCs with the organic modifiers described in Fig. 4-1.
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4.5.3 Simultaneous sorption of cadmium, chromate and metalaxyl-m from
ternary component systems

The results obtained for Cd®*, Cr,0,* and MM sorption from single and ternary
component systems on Na-bent and OMCs as function of the initial solutes
concentrations are presented in Figs. 4-4, 4-5 and 4-6, respectively. The ternary
combination of MM, Cd?*and Cr,0;% decreased significantly the sorption of Cd®* to
the different sorbents compared with the single component system, except for
Cys_ester-bent, particularly when initial pollutant concentrations increased. These
reductions of the sorbed Cd*" were highly pronounced by HDTM- and MTP-bent,
especially at high initial concentrations of the tested pollutants. The sorption of Cd**
to MTP- and HDTM-bent were declined by 30 and 3 %, respectively, with the
presence of MM and Cr,O;* at low initial concentration, whereas the diminution
reached 71 and 63 %, respectively, at high initial concentrations (Fig. 4-4).

In comparison with the sorption from single component systems, the presence of
Cd** and MM in the media increased significantly the sorption of Cr,O;* to
HDTM- and MTP-bent (Fig. 4-6), whereby the observed effect was increased with
increasing initial solutes concentrations. In case of Cys_ester-bent, no appreciable
differences in the sorption of Cr,O;* were noticed in absence or presence of other
solutes in the media at any of the initial pollutant concentrations (Fig. 4-5).

The presence of Cd** and Cr,O-* in the solution inhibited the sorption of MM by
Na-bent to negligible amounts at low to the middle initial solutes concentrations. At
high initial solutes concentrations, the sorption was reduced from 20 to 6.9 mg kg™.
Only little changes of the sorption of MM on MTP-bent were observed when
comparing single with ternary component systems. Significant increases in the
sorption of MM by Cys_ester-bent from ternary component systems compared with
single component systems were obtained at all initial solutes concentrations.
Differences in the sorbed MM by HDTM-bent between single and ternary component
systems were observed with increasing initial solutes concentrations and these
differences were significant at the two highest levels of initial concentrations
(Fig. 4-6).
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Fig. 4-4 Sorption of Cd** alone (single-systems) and in combination with metalaxyl-m
and Cr,0;* (ternary-systems) by the natural clayey sediment (Na-bent) and organically
modified bentonitic sediments (OMCs).

In brackets the initial concentrations of metalaxyl-m (mgl?) and Cr,0;* (mM),
respectively, in the ternary component systems are shown. Cys_ester-, HDTM- and
MTP-bent are OMCs with the organic modifiers described in Fig. 4-1. Bars indicate
standard errors of the means (n=3). Asterisks indicate statistically significant differences
(Tukey test, P<0.05) between the sorbed Cd** from single and ternary component
systems within one initial concentration of the pollutants and one sorbent.
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Fig. 4-5 Sorption of Cr,O;* alone (single-systems) and in combination (ternary-systems)
with metalaxyl-m and Cd* by the natural clayey sediment (Na-bent) and organically
modified bentonitic sediments (OMCs).

In brackets, the initial concentrations of metalaxyl-m (mgl?) and Cd** (mM),
respectively, in the ternary component systems are shown. Cys ester-, HDTM- and
MTP-bent are OMCs with the organic modifiers described in Fig. 4-1. Bars indicate
standard errors of the means (n=3). Asterisks indicate statistically significant differences
(Tukey test, P<0.05) between the sorbed Cr,O;* from single and ternary component
systems within one initial concentration of the pollutants and one sorbent.
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Fig. 4-6 Sorption of metalaxyl-m (MM, mg kg-1) alone (single-systems) and in presence
of Cd** and Cr,O;* (ternary-systems) on natural clayey sediment (Na-bent) and
organically modified bentonitic sediments (OMCs)

In brackets, the initial concentrations of Cd** and Cr,0;* (mM), respectively, in the
ternary component systems are shown. Cys_ester-, HDTM- and MTP-bent are OMCs
with the organic modifiers described in Fig. 4-1. Bars indicate standard errors of the
means (n=3). Asterisks indicate statistically significant differences (Tukey test, P<0.05)
between the sorbed MM from single and ternary component systems within one initial
concentration of the pollutants and one sorbent.
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4.6 Discussion

4.6.1 Sorption of metalaxyl-m from single component systems

Sorption of MM on Na-bent was negligible at the low initial MM concentration,
while  with increasing initial concentration the sorption increased to
20 mg MM kg™ clay. Low sorption of MM by Na-bent might be due to the presence
of hydration shells of the initial inorganic ions (Na*) exchanged on the clay surface,
hampering the sorption of MM especially at low initial concentration. The later
increase may be attributed to the adsorption in the interlayer space as reported by
Andrades et al., (2001). Above explanation for low sorption was previously stated by
Fernandes et al. (2003) from their investigation on the sorption of metalaxyl on soil
components.

MM sorption on MTP- and Na-bent displayed S-type, indicating the low affinity
of the sorbents to the sorbate at low initial concentrations (Essington, 2004). Andrades
et al. (2001) reported that at low fungicide concentrations, the isotherms depicted S-
type with 1/n values higher than one denoting competition on the sorption sites
between water molecule and fungicide, which is in agreement with the reported
results herein (Fig. 4-3, Table 4-1).

Higher sorption of MM on HDTM- and Cys_ester-bent was confirmed by the
higher relative sorption capacity (Ky) values compared to those for Na- and MTP-bent
(Table 4-1). The sorption isotherm curves of MM on the former two sorbents were
almost linear and depicted a C-type, which displays a constant partitioning of the
sorbate between the sorbent and the aqueous media (Essington, 2004). Since the
linearity of the curves did not change until the highest initial MM concentration
(2 mg I"), the maximum sorption capacity was not reached and more sorption is
possible.

Replacement of the inorganic cations, initially on the clay surface, with organic
cations give hydrophobic and organophilic properties to the clay surface,
consequently increasing the sorption of MM. Our previous studies on the
characterization of OMCs stated that exchanging of the clayey sediments with
Cys_ester and Carnitin organic modifiers reduced the basal spacing of the clay and
minimized the intensities of the vibration bands of water molecules, which were
displayed by the XRD patterns and MIRS spectra of Cys_ester- and Carnitin-bent as
compared with the natural clayey sediments (chapter 2). Thus, hydrophobic

environments are formed on these OMCs, allowing the sorption of MM. However, the
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differences in the sorbed concentrations of MM to the mentioned sorbents could be
referred to structure variations of the organic modifiers. Thereby, the bivalency of
Cys_ester may afford a better neutralization of the charges on the clay surface (Cruz-
Guzman et al., 2004) and/or provide more interaction sites between the sorbent
surface and the polar group of MM as compared with the mono valence Carnitin.

In case of HDTM-bent, alkyl chains are known as water structure breakers (Yariv
and Cross, 2002). Substitution of the large molecule HDTM on the clayey sediment
produced a sufficient interlayer separation (d-spacing increased to 19.68 A,
chapter 2), thereby promoting the access of MM to the interlayer spacing. Besides, it
reduces the amount of water molecules in the interlayer (Chapter 2), providing a
hydrophobic and organophilic environment. This led to an increased sorption of MM
to HDTM-bent compared with Na-bent and the other OMCs. Similar mechanismns
were reported to explain the sorption of partially polar organic contaminants (i.e.
bentazone) on organoclays (Carrizosa et al., 2000).

Although the exchanged MTP on the clayey sediment produced interlayer
separation of the clay indicated by an increase of the basal spacing to 17.06 A
(Chapter 2), the sorption of MM by MTP-bent was lower than that on Cys_ester- and
HDTM-bent. The low sorption of MM might be attributed to the geometry and the
large molecular size of MTP with three phenol groups, causing a non-suitable
environment to the interaction with MM. Similar interpretation was deduced by
El-Nahhal (2003) in his study on the sorption of acetochlor to montmorillonite
modified by phosphonium cations compared with those modified by alkyl ammonium
cations.

It is reported that sorption of organic pollutants to montmorillonite loaded with
straight alkyl chain organic modifiers is relatively higher than that to montmorillonite
loaded with aromatic chain organic modifiers (Jaynes and Vance, 1996), whereby the
straight alkyl chain organic modifier in the clay’s interlayer redistributes around the
organic pollutant and pretend a solvent behavior for it, suggesting the partitioning into
the organic modifier in clay’s interlamellar as a sorption mechanism. On the other
hand, the structure of aromatic organic modifier located inside the interlayer space
causes a steric hindrance, which partially limited the interacting between the organic
pollutant and the sorbent surface, resulting in low sorption. Above assumption may
explain the higher sorption of MM to HDTM-bent, which possess a straight alkyl
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chain, compared with MTP-bent with an aromatic chain, proposing partitioning as a
sorption mechanism of MM to HDTM-bent.

The MM molecule has a hydrophobic and polar structural nature, which is shown
by dimethylphenyl and methoxyacetyl moieties, respectively (Andrades et al., 2001).
This structural nature indicates that binding with adsorption sites and hydrophobic
interaction between sorbate and organic modifier loaded in the interlamellar of the
clay are evolved in the sorption mechanism of MM by OMCs.

It is obvious from the screening and the results of the sorption isotherms that
structure and different chemical properties of the organic modifiers played an
important role on MM sorption. Previous work confirmed a significant correlation
between soil organic matter and relative sorption capacity values (Kf) of metalaxy
(Andrades et al., 2001). Further, in their study on sorption of penconazole by soil with
different OM contents, Andrades et al. (2004) stated that content as well as nature of
OM were implicated in the sorption process.

4.6.2 Simultaneous sorption of cadmium, chromate and metalaxyl-m from
the ternary component systems

One explanation for the decreasing Cd®* sorption from the ternary component
systems compared to the single component systems by MTP- and HDTM-bent is
presumably due to a steric hindrance caused by the sorbed MM, which reduces the
possible contact to the sorption sites on the sorbent surface. This explanation was
mentioned before in other cases for the competition between benzene and heavy
metals sorption by HDTM- and benzyltriethyl-ammonium-bentonite clay (Oyanedel-
Craver et al., 2007). Another possible explanation for the reduction in Cd** sorption is
the formation of an OMC-Cd-Cr,0; ternary complex, whereas the sorption of Cd** on
montmorillonite from the single component system might take place via the formation
of Cd-Cd and Cd-O molecules in the interlayers and on the surface of clay minerals
(Malferrari et al., 2007). The existence of Cr,0,> may prevent Cd-Cd formation by
constructing monodentate bonds with Cd (OMC-Cd") on the clay surface, resulting in
the ternary complex (OMC-Cd-Cr,0;), thus limiting Cd** sorption. Our previous
investigation showed similar competition behavior between the sorption of Cd** and
Cr,0;% by HDTM- and MTP-bent from a binary component system (Chapter 3).
Therefore, the decline of Cd*" sorption from the ternary component system may

mainly refer to the presence of Cr,0,>".
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In contrast, the decline in Cd** sorption was concomitantly with increasing
Cr,0/% sorption. This observation may confirm the formation of the ternary
complexes OMC-Cd-Cr,0, wherein new sorption sites are provided for Cr,0;* via
the formed surface-monodentate-mononuclear-Cd® (OMC-Cd*). The ternary
complexes formation was previously suggested for Pb?* and sulfate co-sorption on
goethite surface by Tabatabai and Sparks (2005) and Elzinga et al. (2001). They
concluded that the sorption of cationic heavy metals alters the surface charge of the
clay, resulting in enhanced sulfate sorption.

The reduction in the sorption of MM by Na-bent from ternary component system
(Cd**, Cr,0,%, MM) at the high initial concentration was probably caused by the
sorbed Cd?*. Sorption of Cd®* might have two effects, from which the first is that Cd**
might block the available surface sites on the clay and the second effect may be
caused by the hydration shell formation of Cd**, which possibly led to a competition
between water molecule and MM on the sorption sites of the clay surface.

The effect of hydration shell formation of Cd** may also explain the diminution of
MM sorption to HDTM- and MTP-bent from the ternary component systems
compared to the single component systems. Sun and Zhou (2010) observed reduction
in the sorption of 1,4-dichlorobenzene accompanied with Cd and Cu on soils. They
demonstrated that heavy metals with hydration shell of high density of water
competed with the organic pollutant for the adsorption sites on soils. The observed
phenomena were in agreement with those reported by Arias et al. (2006). They
recorded a slight decline of MM sorption by soils with high OC content (4.4 and
4.9 % C) with the existence of copper relative to the sorption in the absence of copper.

It can be implied from the non-competitive sorption behavior of Cd** and Cr,0,*
from ternary component systems obtained with Cys_ester-bent that the sorption of
each pollutant mainly occurred on different active sites on the sorbent. Cys_ester has
a small molecular size, thereby distributed as separate molecules in the interlamellar,
leaving some surfaces not occupied (Cruz-Guzman et al., 2004). Those not occupied
areas have the sorptive characteristics of the original clay, whereas the occupied areas
have a organophilic characteristic, promoting the sorption of both Cd** and MM.
Besides, the zwitterionic properties of Cys_ester afford different active sites on the
Cys_ester-bent to bind with different pollutants types (Berthon, 1995). Cys_ester
possess disulfide and carbonyl, which bind with the cationic pollutants, and amino
groups, which bind with anionic pollutants. Similarity in the behavior of Cd** and
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Cr,0;* sorption on Cys_ester-bent was obtained from the binary (Chapter 3) and
ternary component systems, which supports the suggested interpretations. Moreover,
the coexistence of Cd®* and Cr,O;% increased the neutralization of the Cys_ester-bent
surface, consequently inducing the dissolving of MM in the organic phase. The latest
probably explains the enhancement of MM sorption to Cys_ester-bent recorded from
the ternary component systems as compared with the single ones. In general,
Cys_ester-bent had the lowest Cd** sorption among the OMCs, which might be
another reason for the reduced competition of sorbates. The obtained results show the
potential for using the proposed OMCs in the treatment of agricultural drainage water

as well as industrial wastewater.

4.7 Conclusions

Negligible or low sorption of MM was shown by the natural clayey sediment,
whereas loading the clays with different organic modifiers increased the removal of
MM from aqueous solutions. MM was efficiently sorbed to Cys_ester- and
HDTM-bent, wherein the sorption was based on binding to the available adsorption
surface sites and partitioning between the hydrophobic organic phase (formed by the
modifiers located on the clay surface) and the aqueous phase.

No competitive effects were observed for the Cd** sorption by Cys_ester-bent in
the presence of other solutes in the medium, while a reduction in Cd®* sorption was
pronounced, when HDTM-, MTP- and Na-bent were used as sorbents, indicating the
competitive effect among Cd**, Cr,0,* and MM.

On the other hand, synergistic effects on sorption of Cr,0;* by OMCs were
obtained with the coexistence of Cd** and MM in the solution. The enhancement in
Cr,0;* sorption could be attributed to the formation of ternary complexes between
Cd?* sorbed on the OMC surface and Cr,0;* ions (OMC-Cd-Cr,0).

A decline in the sorption of MM by HDTM-bent was observed, however, an
enhancement in its sorption was obtained by Cys_ester-bent from the ternary
component systems compared to the single component systems.

Cys_ester- and HDTM-bent showed the capability to remove Cd**, Cr,0;* and MM
simultaneously from their ternary component systems.

The obtained results pointed out that type and the structure properties of the
organic modifier are important factors to increase the efficacy of the clayey sediment
to retain pollutants.
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5. General Discussion and Outlook

5.1 Characterization of the sorbents and selection of the promising
organically modified clayey sediments (OMCs)

Wastewater effluents are commonly contaminated by organic as well as inorganic
pollutants. With the shortage of water especially in developing and emerging
countries, an establishment of proper methods to remediate these waste waters is a
main goal in sustaining the limited water resources, e.g. for irrigation purposes. The
development of a sorbent, which removes heavy metals (cationic and anionic bonding
forms) and organic pollutants at the same time, may be consider to efficiently clean
up heterogeneous contaminations. Clays are considered as efficient sorbents for
cationic heavy metals but they have a very limited ability to remove anionic or
organic pollutants (Gonen and Rytwo, 2006).

Under this study conditions, the clayey sediment collected from Qaser el-Sagha
(bent sediment) as natural source of smectite clay mineral showed high ability to
remove Cd** and Pb?* from aqueous solutions (Figs. 2-6 and 3-1). However, the
clayey sediments collected from Sinai (Kao sediment) representing a natural source of
kaolinite clay mineral had low removal of those metal ions (Fig. 2-5). Comparable
results were reported by Chaves and Tito (2011) on the sorption of Cd*" on the
bentonite clay from Brazil and Talaat et al. (2011) on the sorption of Cd** and Pb** on
Egyptian clay. On the other hand, both clayey sediments showed low or negligible
sorption of Cr,0;% (Figs. 2-5, 2-6 and 3-1). In addition bent sediment showed low
ability to remove metalaxyl-m (MM) from aqueous solution (Fig. 4-3).

Modification of clay mineral with organic modifiers changes the characteristics of
clay mineral and influences the sorption efficiencies of pollutants (Shen, 2004; He et
al., 2006). The natural clayey sediments were used as basic materials in the
preparation of organically modified clayey sediments (OMCs) to enhance the
sorbability of clayey sediments toward the heterogeneous pollutants. kao and bent
sediments were treated with organic modifiers L-Cystine dimethyl ester (Cys_ester),
L-Carnitine (Carnitin), methyltriphenylphosphonium (MTP), hexadecyltrimethyl-
ammonium (HDTM) and humic acid (HA) to produce the OMCs. The results
obtained from the X-ray diffraction (XRD) and mid infrared spectroscopy (MIRS)
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analyses of OMCS indicated that the organic modifiers are successfully loaded on the
clayey sediments and the loading occurred in the interlamellar of OMCs based bent
sediments and on the clay surfaces of OMCs based kao sediments. Similar results
were reported by Rangsriwatananon and Khumbudda (2007) from their study on the
sorption of HDTM on kaolinite and bentonite clay.

As stated in the literature, the modification of clay minerals with organic
modifiers could enhance or reduce their sorption tendencies to retain pollutants
depending on the loading ratio of the organic modifier to the clay (Lee and Kim,
2003; Oyanedel-Craver and smith, 2006). Therefore, one of the objectives of this
study was to select the prospective OMCs, in which the loading concentrations of the
organic modifiers on the clay will achieve high sorption of heavy metals both in
cationic and anionic bonding forms. To achieve this aim, sorption of Cd**, Pb*" and
Cr,0* were tested as function of the added concentrations of the organic modifiers
HDTM, MTP, Carnitin and Cys_ester (screening experiments in chapter 2).
Discussing the results of the screening experiments in parallel with that obtained for
the loading ratios achieved by the organic modifiers (see Table 2-4) as function of the
added concentrations of the organic modifier, it can be concluded for the sorption on
OMCs based on kao sediment (Fig. 2-5) that

- increasing the loading of the organic modifier enhanced the sorption of Cd?**,
Pb** on the OMC with MTP and Cys_ester, however it let to similar or a little lower
sorption of those metal ions on OMC with HDTM compared with the natural kao
sediment. Increase the added concentration of the modifier on the OMC with Carnitin
reflected low loading ratio (8 % of the CEC of kao sediment) on the clay, resulting in
similar sorption of Cd** and Pb?* compared with the natural kao sediment. In fact, low
removals % of Cd?* or Pb®" concentrations in the solutions were obtained by the
OMCs based on kao sediments. However, remarkable enhancements in the sorption of
Cr,0;> on OMCs with HDTM and Cys_ester were observed and increasing modifier
concentrations did not affect the sorption (Fig. 2-5). The successful removal of
Cr,07* by kaolinite clay minerals modified with HDTM was stated earlier by Li and
Bowman (2001).

Additional studies are needed including changing the sorption conditions, i.e.
solid : liquid ratio, to enhance the sorption on the modified kao sediments. The
sorbtivity of organic pollutants on the modified kao sediments also need to be tested.

The following were obtained for the sorption on OMCs based bent sediments:

111



- Loading of OMCs with any concentration of HDTM and MTP (up to 141 and 84 %
of the CEC of bent sediment, respectively) were able to remove all Cd** and Pb**
applied in the test solutions (Fig. 2-6 and Table 2-4). Contradicting results were
reported by Lee and Kim (2003) and Cruz-Guzman etal. (2006). Whereby the
sorption of Cd** or Pb®* was diminished with increasing loading of HDTM and the
lowest sorption was recorded at HDTM loading equal to the CEC of smectite.

- All Pb®" and 84 % of Cd®* concentrations applied in the solutions were sorbed on
OMC modified with Carnitin at loading concentration up to 21 % of CEC of the
natural bent sediment. Further increase of Carnitin loading ratio the sorption of the
metal ions decreased (Fig. 2-6 and Table 2-4). Cruz-Guzmén et al. (2006) studied the
sorption of Pb®* on modified Wyoming montmorillonite and observed increasing
sorption of Pb** with increasing loading of Carnitin.

- Among all sorbents, the highest removals of Cr,O;* were achieved by the OMCs
modified with Cys_ester and HDTM at organic modifier contents equal to 66 % and
144 %, respectively, of the CEC of bent sediment (Fig. 2-6 and Table 2-4). The
sorption behaviours of Cr,0;% on HDTM were in agreement with that obtained by
Majdan et al. (2005).

Due to the higher sorption of the metal ions obtained by the modified bent sediments
than that by the modified kao sediments, the prospective sorbents were selected from
the OMCs based on bent sediments.

To minimize cost for an effective removal of pollutants, natural bent sediments
with the added concentrations of HDTM, MTP, Carnitin and Cys_ester which
achieved loading modifier contents equal to 102, 79, 18 and 66 % of the CEC of bent
sediment were selected to produce the promising OMCs and are referred to in the
study as HDTM-bent, MTP-bent, Carnitin-bent and Cys_ester-bent, respectively.

5.2 Sorption characteristics of the selected OMCs

Bent sediment treated with HA (HA-bent) and the above mentioned promising
OMCs were used for the sorption of Cd**, Pb?*, Cr,0;* and metalaxyl-m (MM). The
maximum sorption capacities on the OMCs followed the order MTP- > Carnitin- >
HDTM- > HA- > Cys_ester-bent for Cd**, MTP- > HDTM- > Carnitin- > HA- >
Cys_ester-bent for Pb®* and HDTM- > Cys_ester- > MTP- > HA- > Carnitin-bent for
MM. Cys_ester-bent was the most efficient sorbent for Cr,O;% followed by HDTM-,
MTP- and HA-bent.
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The separation factors (F) indicated that the sorption processes were favorable for
the high initial pollutants concentrations than the low concentrations. The sorption
was very favorable for Pb?* (F value close to zero) and favorable for Cd** and Cr,0;*
as indicated by the separation factors (Fig. 3-2). Comparable trends were obtained by
Polcaro et al. (2003) from their investigation on the sorption of Pb?*, Zn®**, Cd** on
soils.

Optimum sorption of the heavy metals was observed at pH 4. The sorption keeps
constant with an further increases of the pH for Cd®* and Pb?* but it decreased for
Cr,0/.

Those results indicated the potential application of OMCs in remediation of a wide
range of wastewaters differing in properties (i.e. pH or pollutants concentrations)

The enhancement of the sorption on the clayey sediments by use of organic modifiers
might be explained by different means. Exchanging the clayey sediments (bent
sediment) with MTP and HDTM organic modifiers caused separation of the clay
platelets, allowing and increasing the interaction between the surfaces of OMCs and
the metal ions in the solutions, consequently, increased the sorption. This mechanism
was stated previously by Stathi et al. (2007). They added that the intercalated organic
substances in the modified montmorillonite strongly bind with the first hydroxide
species of the metal ions, resulting in an increase of the removal of heavy metals
compared with the untreated clay. HA, Carnitin and Cys_ester include different
functional groups in their structures, i.e. COO-, CS;, NH,, -OH, -phenol. Loading of
clays with these organic modifiers increased the number and the varieties of the active
sorption sites on the clayey sediments, enhancing the sorption of ionic pollutants
(Cruz-Guzman etal., 2006). In addition, the organic modifiers increased the
hydrophobic characteristics of the clay surface and, thus, enhanced organophilic
properties, facilitating the sorption of organic pollutants. He et al., (2006) investigated
the sorption characteristics of organic pollutants on montmorillonite modified with
HDTM. They concluded that adsorption and partitioning mechanisms are responsible
for sorption of organic pollutants when HDTM was loaded up to 1.0 CEC. However,
partitioning is the only mechanism controlling the removal of the pollutants with
increase the loading of HDTM higher than the CEC of montmorillonite.

Mechanisms controlling the retention of pollutants under the study conditions
might have been adsorption of Cr,0;* and adsorption as well as surface precipitation
of Cd®* and Pb?*. In case of MM, partitioning mechanism, controlling the distribution
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of the pollutant between the organic modifier located in the interlayer of clay and in
the aqueous phase, in addition to the adsorption process may contribute in the sorption
of MM on OMCs.
Specific analyses are needed to prove the suggested mechanisms such as the analysis
by X-ray absorption spectroscopy. ldentifying the mechanisms may help to increase
the sorption efficiency or help to predict the behavior of other pollutants with the
proposed OMCs, which increase the applicability of these sorbents for wastewater
remediation.

High recovery of Cd®* and Pb** and about 40 % of Cr,O-* were obtained by using
0.1 M HCI as desorbing agent. However, OMCs were able to release, partially, the
sorbed Cd** and Cr,0,* when tap water was used. Wankasi et al. (2005) stated that
the discharges of the metal ions are faster with the acidic reagents than with basic or
neutral ones. The regeneration abilities of the OMCs by the desorbing agents increase
the potential for re-using those sorbents in subsequent sorption desorption cycles.
Nevertheless, specific studies should be carried out to investigate possible changes in
the structure and the activity of those sorbents after the recovery steps.

It can be concluded from the results that HDTM- and MTP-bent are effective
sorbents for Cd**, Pb®* and MM, individually. Cys_ester-bent is an effective sorbent
for Cr,0;% and MM.

5.3 Removal of pollutants from binary and ternary component
systems

The OMCs modified with HDTM, MTP and Cys_ester were used for the sorption
of Cd** and Cr,0-> from binary component systems and the sorption of Cd**, Cr,0;%
and MM from ternary component systems. Competition phenomena were recorded in
both systems. Obvious reductions in the sorption of Cd** on HDTM and MTP-bent
were observed from binary and ternary component systems compared with the single
ones. However, synergic effects on both sorbents were obtained with the sorption of
Cr,0/%. Binding between the sorbed Cd®** on the OMC surfaces (monodentate;
OMC-Cd") with the Cr,O;* ions in the solutions to form ternary complexes
(2(OMC-Cd)-Cr,07 or OMC-Cd-Cr,0;) may explain the increasing sorption of
Cr,0;% when other solutes are present in the solutions. Elzinga et al. (2001)
investigated the co-sorption of Pb®* and SO, on a goethite surface. They
demonstrated that the sorbed Pb®* enhanced the sorption of SO4* through two ways:
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one by the formation of Pb-SO, ternary complexes and the second by changing the
charges on the goethite surface. Changing the surface charges permits more bindings
between the surface and SO, thus, increasing the sorption.

The inhibition obtained with the sorption of Cd** could be interpreted by the steric
hindrance occurring due to the presence of Cr,O;% on the interlayer of the sorbents in
case of the binary component systems or the presence of Cr,0;* and MM in case of
the ternary component systems, limiting the accessability of Cd®* to the active
sorption sites on the sorbents surfaces. The suggested interpretation was stated
previously in other cases with the sorption of benzene and Pb** or Cd** to clay
minerals modified with HDTM (Oyanedel-Craver et al., 2007).

Declining in the adsorbed amounts of MM on HDTM-bent were detected for the
ternary component systems compared to the single component systems, particularly at
high concentrations of the solutes. The declining of MM sorption were concurrent
with increasing Cr,O;* sorption. This may imply that sorption of Cr,O;* on
HDTM-bent inhibits the sorption of MM. In other words, the sorbed Cr,O;* on the
HDTM-bent may limit partially the interaction between the MM and the sorbent
surface or compete with MM on the active sorption sites. The hydration shells of the
sorbed metal ions could be another reason explaining the reduction of the adsorbed
MM to HDTM-bent in presence of Cd** and Cr,0,>. Here, the hydration shells of the
metal ions may compete with MM on the sorption sites of the clay. The competitive
effect on the sorption sites between organic pollutants and hydration shells of the
sorbed metal ions were stated by Sun and Zhou (2010) in their study on the sorption
behavior of 1,4-dichlorobenzene on soils in presence of Cd** and Cu?*.

Enhancements in the sorption of MM and similar sorption of Cr,0;* and Cd**
were observed on Cys_ester-bent for the ternary component systems if compared to
the single component systems. These noncompetitive effects for Cys_ester-bent were
also observed for the binary component systems, indicating that each pollutant is
adsorbed at different active sites of the sorbent. When the cationic and anionic
pollutants are adsorbed on Cys_ester-bent, they help to neutralize the different surface
charges of the sorbent. The obtained neutralization permits the hydrophobic binding
between MM and the organic phase located in the interlayer, thus, enhancing the
sorption of MM on Cys_ester-bent.
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It is obvious from the results that the structure and the chemical properties of the
organic modifiers played an important role in the selection of the pollutants. That was
shown for example by the high efficiencies of OMCs with Cys_ester for Cr,0;% and
MM sorption and OMCs with Carnitin for Cd®* and Pb** sorption.

Cys_ester-, HDTM- and MTP-bent showed the efficacy to remove Cd**, Cr,0;*
and MM simultaneously from the aqueous solution. The results indicated potential
application of OMCs as sorbents for heterogeneous pollutants from natural polluted
water.

Further investigations are required to test the stability of OMCs under different
conditions (i.e. temperature and time).

To achieve a higher application of OMCs in the wastewater treatments, the
chemical composition of the contaminated water is needed to select the best
organically modified clayey sediment suitable for each source of contaminants.

Toward more environmental friendly and cost effective adsorbent, compost
extract is other natural organic material could be used in the modification of the
natural clayey sediments in order to enhance the efficiency of the sediment to remove

pollutants from aqueous media.
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