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I ntroduction

In recent years, natural ecosystems Hlmen worsened due to the massive increase
in pollution generated mainly by neo-industrialiaties such as metal surface treating, electro-
osmosis, metallurgy, mining industry, aerospace atdmic energy installations, wastes
containing different heavy metals are dischargeelctly or indirectly into the natural environment
[1]. It is mainly important to control concentiatis of metals ions which are one of the most
environmentally dangerous and toxic elements ofteveater effluents. In general the heavy
metals are considered as group of trace elemertaube of their existence in very low
concentrations metals in environment with an atoseiesity greater than 5 + 1 g/&nb, Ni, Cu,

Zn, Cr, Hg, Cd, Sn, Fe, Mn, Ag, Co, As, Al etc. $aanetal ions are mainly considered as the
most commonly toxic metal contaminants of watertesys [2]. Due to stability, high solubility
and migration activity of heavy metals in aqueowsiia, untreated or insufficiently treated heavy
metal-contaminated wastewater discharges causeietyvaf environmental and health impacts
when discharged into water bodies [3]. The bioaudation and bio-augmentation of these
metals by the food chain in living species couldndge normal physiological activity and
endangering human life [4]. Among these toxic fseti@ad, zinc, copper and chromium have a
very high solubility in waste media. However, thesetal ions accumulate mainly in the muscles,
bone, kidney, and central nervous system and tgenant in metal concentrations can provoke
many adverse health impacts like, kidney damagemam gastrointestinal diseases, nervous
disorders, liver toxicity and corrosive to skin aeygk[5]. It is, therefore, essential to sequester
these toxic metals from contaminated water befegpasal. Due to these reasons, a wide variety
of conventional processes have been studied inl detachieve the aim of metal removal from
contaminated aqueous media. Some of the treatmesthoas used to overcome this
environmental problem are ion exchange, reverseossmn membrane separation method,
flocculation, chemical precipitation, electro-cokdion, ultra-filtration, adsorption on activate
carbon, etc [6].Unfortunately, using chemical precipitation andcaiechemical treatment is
ineffective for solutions with low concentration of metal iofisto 100 mg/L)they also produce
large quantities of sludge to be treated with bffjcdilties. lon exchange, membrane technologies
and activated carbon adsorption methods are ptotalyi expensive, especially when treating a
large volume of water and wastewater contaminatéd texic metals in low concentration, so all
these methods cannot be used at wide-scale. Alitegnfrteatment process to sequester heavy
metals is biosorption, which utilizes various inerpive biomass of biological origin, including

plants, bacteria, fungi, algae, yeast, etc [7]. esEh bio-adsorbents possess metal removing
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properties and can decrease the concentration w@ilsriens in aqueous solution from ppm to ppb
level. They can effectively eliminate dissolved \eanetal ions out of dilute solutions with
greater effectiveness and quickly. Therefore bioison is an ideal process for the treatment of
high volume and low concentration complex wastergaf2]. The main aim of this research was
to investigate the efficiency and the practical leapility of locally abundant low-cost
biosorbents luffa cylindrica as free and immobilizeith microalgal chlorella pyrenoidosa for the
single or/and multicomponent removal of heavy nge(&b (11), Zn (I) Cu(ll) and Cr(VI)) from

constituted industrial wastewater.

The thesis, presented as a compendium of publistis divided in the following chapters:
General Introduction Objectives and Thesis outlinggrature review, Materials and Methods,
Results and Discussion and finally Conclusion.

The literature review, presented in chapter 1: liggks those aspects which are more significant
for the present experimental work understandings Thapter is devoted to the toxicity of heavy
metals and various experimental technique usedthertreatment of contemned wastewater,
mainly treatment using the luffa cylindrica as loidzent.

Chapter Il: The adsorption process is thoroughWyesged in this chapter. The basic concepts and
tools are considered. These are kinetics, thermadigand isotherm model in batch mode.
Materials and methods implemented to carry out Wosk are the focus of the chapter 3. This
chapter is included into the thesis in order toeektand detail the experimental section of
publications, thus facilitating repeatability andther research in the application field.

The fourth chapter is devoted to the presentatioexperimental results and their discussion; it
compromises the following tree publications artatatl the biosorption of heavy metal onto free
and immobilized luffa cylindrica.

The conclusion summarize the main results of thidys
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I.1. Introduction

With the development of industrial activities an increasing amount of toxic effluents
containing organic and inorganic substances especially heavy metal is directly or indirectly
released into the environment, either freshwater or marine environment [1]. The metal ions
pollution has become one of the major environmental problems nowadays. In Algeria, the
discharges, leaks and waste resulted from neo-industrial activity act as sources of metal ions
pollution for different water systems, affecting 2.9% of coastal waters, 6.7% of rivers and 64.2%
of groundwater [2]. Facing with this problem, it has been growing concern about the toxic
impacts of metal ions in the aqueous media and the sequestration of these toxic substances from
water and wastewater. Heavy metal pollution in waste water will be introduced from the
following elements, starting with the toxicity and origin of metal effluents, then an overview of
their treatment technology, then introduction of a new biosorbent using native and immobilized
luffa Cylindrica in chlorella pyronoidosa (microalgal) for metals removal from industrial

wastewaters.

1.2. Heavy metals pollution

Heavy Metal pollutants are among the major toxic and persistent effluents in aquatic
environment [3]. Metal pollution occurs directly or indirectly by effluent outfalls from neo-
industries. Unfortunately, many aquatic ecosystems face metal ions concentrations that exceed
aqueous media criteria designed to preserve the natural environment, humans and animals. Most
metals are transition substances with incompletely filled d orbitals. These orbitals allow heavy
metal cations in solutions with the ability to form complex substances which may or may not be
redox-active. Heavy Metal cations play a major role as groups of trace elements in sophisticated
bio-chemical reaction, though some of them are necessary for many organisms. Consequently,
heavy metals are extremely dangerous to plants, animals and human and because of their
augmentation and accumulation (over at various limiting concentration levels depending of the
heavy metal). The toxicity of metal ions occurs even in very low concentrations of about 1.0-10

ppm, which are classified based on toxicity are presented in table. 1.1 [4].
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Tab. 1.1: Classification of heavy metals based on toxicity.

Heavy metals Toxicity

Mn, Fe, Mo Low toxicity
Cr,Zn,Ni, V, Co, W, Cu Average
toxicity

As, Ag, Sb, Cd, Hg, Pb, U High toxicity

Metal ions can be accumulated into food chains and concentrated in aquatic media to a level that

impacts their physiological state. Due to their non-biodegradable characteristics, carcinogenicity

and toxicity to living organisms, many heavy metals are regarded as priority effluents [5]. Among

them, the toxic heavy metals of particular concern in treatment of industrial wastewaters include,

copper, lead, cadmium, arsenic, chromium, mercury, Selenium, zinc, nickel. Some of the common

sources and impact of heavy metals are present in table. 1.2 [5].

Tab. 1.2 (a): Sources and impact of heavy metals.

SI.  Heavy Sources of Metal Adverse health effects  Allowed limits
metals contamination WHO
(ppm)
1 Copper Dental products, Gastrointestinal (GI) 1.0-1.3
Corrosion of household, irritation and Liver
plumbing, toxicity,
erosion of natural lung neoplasms, ,
deposits kidney damage
, alloy,
electroplating,
2 Lead Lead-acid battery Delayed development ~ 0.005-0.015

production,
Plumbing systems ,
pigment,

pesticides

industry

in children,
anemia,

vomiting,

Kidney

damage,

high blood pressure
Memory loss and effect
on central nervous
system,,
gastrointestinal
diseases,
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Tab. 1.2 (b): Sources and impact of heavy metals.

SI.  Heavy Sources of Metal Adverse health effects  Allowed limits
metals contamination WHO
(ppm)
4 Arsenic Electroplating, Cancer, skin damage, 0.01
industrial fuel, circulatory system
mining, battery problems
manufacturing
Erosion of natural
deposits, runoff, pigment
5 Chromium  Steel industry, Electro Diarrhea, skinand eye  0.05-0.25
plating, pulp mills, irritation, kidney
erosion dysfunction, ulcer,
irritation in respiratory
leather track
tannery facilities, Allergic dermatitis,
hemolysis, renal failure
steel welding, paints,
chromate and
ferrochrome production
6 Antimony  Petroleum refineries, fire  Increased blood 0.006
retardants, cholesterol, decreased
ceramics, electronics, blood
solder sugar
7 Mercury Erosion of natural Hypersensitivity, fever, 0.002
deposits, discharge vomiting, neurasthenia
from refineries and
factories, runoff
from landfills, croplands
8 Mercury Petroleum refineries, Hair and finger nail 0.01-0.05
erosion, loss, red skin,
discharge from mines numbness
in fingers and toes,
caustic burns,
circulatory
problems
9 Zinc Electroplating industry, Corrosive to skin and 5

galvanized

metal surfaces, motor oil
and

hydraulic fluid, tire dust

eye, zinc pox, sweet
taste,

throat dryness, cough,
weakness, generalized
aching, chills, fever,
nausea, vomiting
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Based on that, the sequestration of heavy metals from aqueous media has attracted attention by
researchers, for the preservation of public health and ecosystems, so, it s essential to remove these

toxic metals before discharge.

1.3. Heavy metals pollution from industrial wastewater of HRM (Algeria)

The wastewater from a petroleum industry consist a wide variety of pollutants like petroleum
hydrocarbons, mercaptans, oil and grease, phenol, ammonia, sulfide, inorganic and other organic
compounds. All these compounds are present as very complex form in discharged water of
petroleum industry, which are harmful for environment directly or indirectly.

The current study was investigated to establish the concentration of some heavy metals in samples
of wastewater obtained from the boosting of SONATRACH in HASSI R'MEL. (Algeria). Clogged
wastewater channels increase overflow of the wastewater into the neighboring areas through surface
water when it rains. The analysis of the wastewater is given in table. I. 3. Based on this analyze, we
chose Pb (I1), Cu (11), Zn (1) and Cr (V1) for this research for removing from industrial wastewater
(SONATRACH) using local biosorbents. Consequently, the present study aims to highlight the
impact health risks that may happen when humans, crops and livestock become exposed to the toxic
metal contaminated soils and wastewater. It is evident that the results obtained from the research
will justify and inform on the need to adopt effective wastewater management containing

prioritizing on good wastewater treatment and reuse in Algeria major urban areas.

Tab. 1.3: Characteristics of wastewater of SONATRACH in HASSI R*MEL. (Algeria).

Characteristics value
pH 5.3
Lead (ppm) 226.4
Zinc (ppm) 11.2
Chromium (ppm) 5.3
Copper (ppm) 7
Mercury (ppm) 0.001

Aluminum (ppm) 0.001
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I.4. Methodologies for removal of heavy metal ions from wastewater

Various conventional method have been used for the treatment of toxic metal pollutions in different
contaminated water, which usually include membrane filtration (nanofiltration, reverse osmosis,
etc.), chemical precipitation (sulfides, hydroxides, etc.), ion exchange, solvent extraction and
adsorption (Fig. 1.1). Table. 1.4 compares selective technologies used [6]. Chemical precipitation
and electrochemical treatment are unsuccessful, especially when dissolved metal concentration in
aqueous solution is inferior to 100 ppm, and also produce large amount sludge required to removal
with great difficulty. lon exchange, membrane filtration and solvent extraction are expensive when
treating large quantity of wastewaters containing dissolved metal at low concentration, so they
cannot be applied at large scale [7]. In addition, most of these methods have some inconvenient such
as complicated treatment systems, high energy and cost use. Adsorption has considered best
alternatives technique for such situations due to cost-effective process and ease of operation [8].
Various materials have been used as adsorbents for the sequestration of metal ions. In particular,
activated carbon has been developed as an effective adsorbent for the removal of toxic metal
contaminants [9]. Its usefulness derives mostly from its large micro-pore and meso-pore volumes
and the resulting high adsorptive capacity, high surface area, and degree of surface reactivity [10].
Furthermore, activated carbon is expensive, and it is relatively difficult to elute heavy metals from it
and recycle the activated carbon as adsorbent due to the strong interaction between adsorbent-
adsorbate. Moreover, the application of expensive synthetic adsorbent also has similar problems
like economic or technical constraints [11]. Thus, the main study focus is studying for low-cost, re-
generable and adsorbent materials which are capable of isolating metal ions from wastewaters [12].
In general, the adsorbents can be used as “low cost” if it needs little processing, is abundant in
environment or waste material from industry [13]. For that reason, hundreds of researches on the
conducted of low-cost material have been published. Natural substances, industrial byproducts and
agricultural wastes, have been studied as adsorbents for the toxic metal wastewater treatment.
Several research are available that discuss the applicant of low-cost adsorbents for the removal of
heavy metals from aqueous solution, including zeolites, chitosan, clay, peat moss, coal, fly ash,

natural oxide and industrial waste and so on [14].


https://www.researchgate.net/publication/320716643_Methodologies_for_removal_of_heavy_metal_ions_from_wastewater_an_overview
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Tab. 1.4: Removal methods of metal ions from wastewaters.

Method Advantage Disadvantage
Chemical precipitation ~ Simple Large amounts of sludge produced
Inexpensive Disposal problems

Most of metals can be removed

Chemical coagulation

Sludge settling
Dewatering

High cost
Large consumption of chemicals

Membrane process and
ultra filteration

Less solid waste produced

Less chemical consumption
High efficiency (>95% for single
metal)

High initial and running cost
Low flow rates
Removal (%) decrease with the

presence of other metals

Electrochemical
methods

Metal selective
No consumption of chemicals
Pure metals can be achieved

High capital cost

High running cost

Initial solution pH and Current
density

lon-exchange

High regeneration of materials
Metal selective

High cost
Less number of metal
ions removed

Adsorption
using activated carbon

Most of metals can be removed
High efficiency (>99%)

Cost of activated carbon
No regeneration

Performance depends upon
adsorbent

Adsorption
using natural zeolite

Most of metals can be removed
Relatively less costly materials

Low efficiency
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Fig. 1.1: Various techniques of heavy metal removal from effluent.



Chapter I: Literature review

1.5. Heavy metal removal from wastewater using various biosorbents

In recent times, applying biotechnology in controlling and sequestering metal ions pollution has
been attract much attention, and becomes hot topic in metal pollution field because of its potential
application [15]. An alternative technique is the biosorption, which can be used as the removal of
metal or metalloid elements, compounds and particulates from solution by several biomaterials [16].
According to the heavy metal classification by Pearson [17] as well as by Richardson and [18],
Nieboer metal affinity for ligands is assumed and illustrated in Table. 1.5 [19]. The symbol (R)
represents an alkyl radical. Class A metal ions selected to bind the ligands of (I) via oxygen. Class
B metal ions elucidate high affinity for type (111) of ligands, but also form adhesive binding with the
ligands with type (I1) of ligands.

On the report of the Hard and Soft Acid Base Principle “HSAB principle”, hard ions which attach F
strongly, such as Na*, Mg** ,Ca**may form stable bonds with =C=0 , R-COO™ ,OH", HPO4**and
CO5?*, which are oxygen-containing ligands. whilst soft ions like heavy metal ions such as Pb*" and
Hg?* form strong bond with SH, CN’, - NH ~ R-S, and imidazole, which are groups including
sulfur and nitrogen atoms. Hard ions mostly show ionic form of binding, while soft ions binding
reveal a more covalent degree [20]. Intermediate metal ions such as Cu?*, Ni** and Zn** are less
toxic, and can act as soft or hard ions depending on the nature of the ligands or chemical groups
present in aqueous media.

Heavy Metal biosorption by biomaterials mainly depend on the functional groups. The major
important of these groups including carboxyl, carbonyl (ketone), sulfonate, sulfhydryl
(thiol),amide, thioether, amine, amine imidazole, secondary amine, phosphonate and phosphor-
diester are mentioned by Volesky [21]. Table. 1.6 offers some functional groups and classes of
organic compounds in biomaterial. The symbol (R) is shorthand for residue, and its placement in a
structure indicates that what is attracted at that site varies from one substance to another [22].

The biosorption of metal ions by biomaterials might be attributed that these biomass, mainly
composed of lipids, proteins and polysaccharides have hydroxyl, carboxyl, phosphate,
sulfhydryl, amino groups and carbonyl, can bind metals involving valance forces via sharing or
exchange of electrons between biomass and metal ions (Fig. 1.6). However, these biomaterials can
also passively bind heavy metals though various physico-chemical mechanisms. Mechanisms
responsible for biosorption phenomena, although understood to a limited extent, could be one or a
combination of complexation, ion exchange, coordination, adsorption, microprecipitation and

electrostatic interaction. There are some evidences to confirm that the N-, S-, O-, or P- containing
11
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functional groups participate directly in binding some metals [23].

Tab: 1.5: The ligands present in biological systems and classes of metals.

Ligand class Ligands Metal classes
I: Ligands F, 0%, OH, COs% , SO,% Class A: Li, Be, Na, Mg, K, Ca,
Preferred to Bgaog, ' NOs , HPO, P?b_4 , Sc, Rb, Sr, Y, Cs, Ba, La, Fr,
Class A ’ Ra, Ac, Al. Lanthanides,
RCOO, C=0, ROR -
Actinides

I1: Other - %

CI', Br, N3', NO,, SO3, NHj,
Important N2, Borderline ions: Ti, V, Cr, Mn,
Ligands RNH;, R2NH, R3N, =N-, -CO-N- £

R, .’ H

- O2+ Ni, Cu, Zn, Ga, Cd, In, Sn, Sh, As

I1I: Ligands 02,02, O,
preferred  to H. I R, CN CO, S* RS Class B: Rh, Pd, Ag, Lr, Pt, Au,
Class B

RS, R3AS

Hg, T1,Pb, Bi

Tab. 1.6: The representative functional groups and class of organic compounds in biomass.

Formula of functional Name Class of compounds
group
i ' Hydroxyl Alcohols, carbohydrates
R* :O—Hj ydroxy Yy
i 0 “: . . .
: // ; Fatty acids, proteins, organic
R —j—C\ ' Carboxyl acids
... OH
H
| fmmmn- : Amino Proteins, nucleic acids
H
f"'//'é """ :
R— c\ Ester Lipids
R o p—

12
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' H ‘
R T_SHE Sulfhydryl Cysteine (amino acid), proteins
M :
¥
R c</ Carbonyl, terminal end Aldehydes, polysaccharides
|
o s
” | : Carbonyl, internal Ketones, polysaccharides
R——C (|2 '
- R
: ” Phosphate
R +0 ||= OH: DNA, RNA, ATP
: OH :

—OH
SO3H
COOH
PO,H

Fig. 1.2: Possible binding modes between functional groups and metal ions.

A large amount o f biomaterials types has been investigated as biosorbents for the sequestration
of heavy metals, for their metal ions binding capacity under several conditions. Waste
biomasses are considered good alternatives as low-cost biosorbents for the sequestration of
metal ions from low strength contaminated water due to quite efficient adsorption rate. A vast

array of low-cost waste biomass from large-scale industrial o has also effectively been e
13
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employed as biosorbents f or the sequestration of heavy metals from aqueous media [24].
Although many biomasses can bind heavy metals, only those with sufficiently high metal ions
binding capacity and selectivity for metals are suitable for use in a full-scale biosorption
system [25]. Table .1.7 gives the complete overview of all the recent studies where biosorbents
were developed for heavy metal removal and subsequent subsections point out the major
findings and trends that were realized during the composition of this table .

Among the several biosorbents used, cellulosic waste biomasses are the major abundant f or the
sequestration o f heavy metals, which involve agricultural waste. Cellulosic waste biomaterials
usually are composed of cellulose and lignin as mainly constituents and may also involve other
polar groups of lignin, which involves alcohols, ketones, aldehydes, phenolic, carboxylic and
other group. These functional groups have the capacity to extent to bind metal ions by donation
of an electron pair from these functional groups to complexes with the heavy metals in liquid
phase [26]. As a kind of abundant natural source of lignocelluloses are Luffa Cylindrica
biomaterials which are currently being investigated as biosorbents for the sequestration of
heavy metal ions from solution and wastewater, which are relatively abundant and low-cost
materials. Luffa cylindrica used as effective biosorbents, either directly or after chemically or
biologically activation, to remove metal ions due to their high contents of hydroxyl, carboxyl,
amino and sulfur-containing functional groups (Table .1.8) [27]. This biosorbent has showed
significant potentials of sequestering metal ions from aqueous media. Considered the
importance of luffa Cylindrica biomaterials as biosorbents for the removal of metal ions from
wastewater, an overview of summarized information concerning the application of luffa
Cylindrica materials based on recent research is presented in the following part and their
biosorption capacity, influencing factors of the metal ions biosorption process, the biosorption

mechanism and the favorable factor, etc., are here discussed.

14
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Tab. 1.7 (a): Performance of various for heavy metal removal in batch process.

Biosorbent Modification Synthesis Process rate or removal capacity
Metal Source/ Effluent Composition Parameter (mg/g)
removed
Cr (VI) Lab Solution . . Unmodified 94.30 %
Ficus auriculata Collect—was T ~30 °C P-atm
h with AD-
bDDW 0.5 g/L
—air dry Rotation:120
Hoveﬁ dry rpm time: 1 h
—Crus pH:2
Pb(IT) Metal Peanut Husk Washed with Collect— Washed T-P-1atm AD-5g/L Pb(11):27.03
Cd (1) industry HCI and NaOH with tap water and Shaking:250 rpm Cd(11):11.36
Mn (1) Dl.)DWH Qven time: 1 h pH: ~6 Mn(11):14.29
Co (1) dried ->Grind— 1:6.1
Ni (11) Sieve— Wash with CO( ):6.10
DDDW, HCL and Ni(11):56.82
Cu (1) Lab Solution Coconut Husk Unmodified Cut into small T ~30 °C P- Cu(11):443.3
Ni(11) pieces— atm AD- Zn (11):338.0Ni
Zn (1) 1g/L (11):404.5 Pb
Pb (Il Rotation:120 (11):362.2
rpm time: 40
min pH:6
Cr(VI) Lab Solution Milled olive stones Unmodified 4  Separate olive T- P-atm AD- Cr(VI):2.34
oil from solid 10 g/L
Rotation:120
rpm time: 2 h
pH:2
Pb (I1) Lab Solution Raw sugarcane Pre-treated with pre-treated T-35C- 49C P-atm Pb(11):558.9
Cu (1) baga NaOH followed with NaOH in AD-1.25 g/L Cu(l1):446.2
Zn (1) sse by epoxidation homogenizer Rotation:120 Zn(11):363.3
amination and — add rpm time: 50
sulfonation epichlorohydri min pH:5
reaction n and ethanol Tab.
— wash with
1.7:
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Tab. 1.7 (b): Performance of various for heavy metal removal in batch process.

Biosorbent Modification Synthesis Process rate or removal capacity
Metal Source/ Effluent Composition Parameter (mg/g)
removed
Cr (V1) Lab Solution 4 Olive stone (OS) And Grafting using NaOH + T~30C P-atm (OS) Cr(VI):
Date pit (DP) DETA and epichlorohydrin— AD-11 53.31 (DP) Cr (VI1):82.63
crosslinking with Mix —filter—Wash g/L(OS) and 10
epichlorohydrin with DDDW—Oven g/L (DP)
dry — Mix75 Rotation: time:
mL of NaOH+12.5 pH:2
mL of DETA + dried
biosorbent
—wash with
DDDW —Dry
N
Store
Cu (11 Lab Solution Oiltea Shell Unmodified Collect—'> T~25C P-atm Ph(I1):22.4
Cd (1) Wash with AD:2 Cu(ll):12.1,
Pb (I1) g/L Shaking: Cd(I1):14.2
130 rpm
time:6 h pH:5
(Cu2+) &
9(Cd2+)
Lab Solution Casuarina Treated with sodium Collect—crus T~25C P-atm Cu(Il):44.0
Pb (I1) equisetifolia leaves aluminate h and sieve AD:18.89 g/L Ni(11):39.0
Cu (1) —Washwith Shaking: 130 Pb(11):28.0
Ni (1) DDDW—Add ag. rpm o
sol.of sodium time:104.7
aluminate— min pH:4

filter—>Wash with
DDDW—Oven dry
—store in
desiccator.
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1.6. Heavy metal removal from wastewater using Luffa Cylindrica

Proximate analysis of Luffa Cylindrica shows it to contain 37.81% carbohydrate, 55.78% fiber,
4.2% protein, 1.04% ash and 1.08% lipid [28].The fibers of LC is principally made up of cellulose,
hemicelluloses and lignin with can range, respectively, from 50-60%, 25-29% and 10-11% [29].
Chemical composition and the breakup of main constituents of the ligno-cellulosic fibers have not
been studied in much detail, but these researchers have reported hemicelluloses in LC to contain
xylose, arabinose, galactose, and glucose sugars in the molar proportions of 1:95:2:1, and 10%
uronic acid. Another research has shown the fibers to be made up of 79.5% hollocellulose, 58.3%
a-cellulose, 15.0% pentosans, 13.6% lignin and 1.8% ash [30].The surface functional group
analysis of the fibers indicated the function groups to be predominantly acidic; strongly acidic
(carboxylic group) 0.52 meq/g, weakly acidic (lactonic, enolic, carboxylic) 0.53 meq /g, and
phenolic 0.88 meq /g, whereas the magnitude of the basic functional groups of 0.13 meq /g was
very low [34]. The predominance of the acidic groups on the surface of luffa Cylindrica is due to
the polar functional groups of these acidic groups are available to involve in ion exchange reactions.
The luffa cylindrica, morphologically, is the placental cushion of the ovary bearing seeds, which is
obtained by separating it from the outer soft integuments of the matured dried fruit and seeds. It is
consists of peripheral portion, a core portion and three hollows in the cross section .The cushion
shows a multilayered mesh with pore size from 2.0 to 4.0 mm, overlapping each other. The cushion
of LC is the lignified endocarp, made up of an organized fibrous network. The fibers are of different
sizes varying from 150 to 800 um. The LC is characterized by a remarkable lightness, owing to its
honeycomb conformation of the intermingled fibers. Specific gravity of LC is 0.92 g/cm®.The LC
sponge has specific surface area of 840 m%m?® and empty volume of 92%.[35]. Luffa cylindrica is
light, made up of an interconnecting void within an open network of biomaterial [36].0n account of
the random lattice of small cross sections coupled with high porosity (79-93%), low density (0.02-
0.04 g/cm3), and high specific pore volume (22-29 cm®/g) [37]. In addition, the large void spaces
that provide for the growth of immobilized cells fixedwith high densities offer the prospect of high
metabolite yields. Luffa Cylindrica is thus a suitable bio-structure for cell immobilization and

biosorption process activities [38].

Owing to the advantages available in the bio-structure of LC, several studies have been reported on

the utilization of this unique fibrous structure in many biotechnological techniques, especially for
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the immobilization of diverse kinds of cells (including filamentous and microalgae, yeasts, fungi,
higher plants, bacteria, rat, and human cell types) [39]. In all of these researches the potential of
cells immobilized in LC performed more than free suspended cultures and other immobilization
bio-matrices. The LC-immobilized cells have effectively performed in the elimination and
biodegradation of toxic heavy metals, chlorinated chemicals and dyes [40]. These processes have
been also utilized in the bio-degradation of a herbicide and a fungicide. Luffa Cylindrica, further,
was noted to be a good biosorbent for the amelioration of bio-films for the wastewaters treatment

and industrial effluents.

Based on that, the Luffa Cylindrica is a more suitable material for cell immobilization. The LC has
been utilized to immobilize cells belonging to various classes of organisms in a bioactive state. LC-
immobilized have employed to produce a varietyof bio-chemicals, in the remediationof wastewaters
through sorption of metals and in the bio-degradation of herbicide and fungicide. It is deduced in
summation that Luffa Cylindrica san eco-friendly, renewable, and a competitive biomaterial for cell

immobilization

Tab. 1.8 (a): Comparative Summary of Biosorption of Metals by Luffa Cylindrica, and

Luffa-Immobilized Fungi and Algae for the Remediation of Contaminated Water.

Biosorbent /metal system g]c))ntact time C(img/L  Qmax(Mg/g) Refs
Ca-alginate beads/ Cd?* 05 10-500 88 [41]
C. sorokiniana/ Ni?* 0.5 10-300 58.7 [42]
C. sorokiniana/Cd?®* 0.083 10-150 116.5 [43]
LC-C. sorokiniana/ Pb** 0.25 10-300 112.8 [44]
LC-C. sorokiniana/ Cr®* 0.33 10-300 69.26 [45]
LC-Synechococcus/ Cd?* 0.083 2-200 47.73 [46]
LC/Cd** 1 10-500 10.5 [47]
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Tab. 1.8 (b): Comparative Summary of Biosorption of Metals by Luffa Cylindrica, and
Luffa-Immobilized Fungi and Algae for the Remediation of Contaminated Water.

Biosorbent /metal system gsntact ume C(img/L)  Qmax (Mg/g) Refs
LC-P. chrysosporium /Cr* 0.25 10-300 74.0 [48]
LC -P. chrysosporium /Cd?* 1 50-200 59.9 [49]
LC -P. chrysosporium/ Ni2* 1 10-300 71.3 [50]
LC-P. chrysosporium/Cr>* 1 10-500 76.95 [51]
LC-P. chrysosporium/ Cd** 0.25 10-500 88.16  [52]

1.7. Research main objectives

Based on this analyze mentioned above, the main objective of this study was to
investigate heavy metals removal from aqueous solutions by using native and immobilized
luffa cylindrica under different experimental conditions. In this regard, biosorption of heavy
metals from aqueous media is here investigated under various conditions such as contact
time, pH of solution, biosorbent dosage and initial metal concentration to achieve the
optimized conditions. Moreover, the kinetics, thermodynamic and isotherm models (different
models involved and new mathematical model was developed in this study) are carefully

studied to understand the biosorption mechanism.
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Chapter II: Adsorption

[1.1. Introduction

Adsorption process is considered as oneehthst used separation and purification processes,
in which adsorption occurs by the formation of fiteysical or chemical bonds between a porous
solid medium and a mixture of liquid [1]. By takimgo consideration the equilibrium data and the
adsorption properties of both the adsorbent andatteorbate, adsorption isotherm models can
describe the interaction mechanisms between therlaelst and the adsorbate at constant
temperature. Therefore, understanding modelindn@feiquilibrium data is a very essential way of
predicting the adsorption mechanisms of varioum ud®n systems. This chapter discusses the
adsorption phenomena (kinetics and thermodynammd) tae guidelines using mono-parametric
isotherm models. The aim of this chapter is tol#ista criteria for choosing the optimum isotherm
model through a critical review of different adsiwp models and the use of various
mathematically error functions such as linear regjan analysis, nonlinear regression analysis, and

error functions for adsorption data optimization.

I1.2. General definition of adsorption

Adsorption is a process in which a substance (ads®), in gas or liquid phase, accumulates on a
solid surface. It is based on the capability ofgusr materials with large surfaces to selectively
retain compounds on the surface of the solid (ddsdj. There are two types of adsorption;

physical and chemical adsorption [2].

[1.2.1. Physical Adsorption

Physical adsorption is achieved by Van der Waalsefy dipole interactions, and hydrogen binding.
There is no electron exchange between adsorbentdsaorbate. Because there is no activation
energy required for physical adsorption, the timmeded to reach equilibrium is very short. Physical

adsorption is a non—specific and a reversible @®©{g).
[1.2.2. Chemical Adsorption

Chemical adsorption results from the chemical lIbdtween adsorbent and adsorbate molecule,
therefore it is specific as well as irreversibled athemical as well as electronic properties of
adsorbent are changed. Binding between adsorbenadsorbate by covalent bond is called weak

chemical adsorption, and that by ionic bonds itedadtrong chemical adsorption [4].
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E Adsorbed b

Adsorbate

/o ‘ ‘ Binding Site
| =

Adsorbent surface <

Physical adsorption Chemical adsorption

Fig. 11.1: lllustration of interaction between adsate and adsorbent surface. Figures (a) and €b) ar

the physical (a) and the chemical (b) adsorption
11.3. Adsorption Mechanisms

The adsorption process of the adsorbate molefaesthe bulk liquid phase into the adsorbent siefis

presumed to involve the following stages (Fig.li-1)

1. Mass transfer of the adsorbate molecules acrossxtieenal boundary layer towards the solid
particle.

2. Adsorbate molecules transport from the particléasérinto the active sites by diffusion within the
pore—filled liquid and migrate along the solid suxé of the pore.

3. Solute molecules adsorption on the active sitethennterior surfaces of the pores. 4. Once the
molecule adsorbed, it may migrate on the pore sarfitlough surface diffusion [5].

Adsorption Mechanism

Siep 1: Diftusion to S 2 Migradion irky Sep & Monclayss

Fig.1.2. Schema of the mechanism of molecule gutgmr using microporous adsorbent.
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[1.4. Adsorption kinetics

Adsorption kinetic expresses the mechanism of tdsemption. The solute sorbate can be transferred
from the liquid phase to the surface of the adsonpt several steps, and the combination of one or
more steps can be speed control mechanisms. Tiefdraf adsorbate can be either in the form of
mass transfer of the solution surrounding the datsif the adsorbent via the outer boundary layer
film, or diffusion of the sorbate molecules intobasorption zone through solution absorption

pores, or by a biosorbent surface diffusion medmanior chemical or physical (internal or

external). [6]. in this study, pseudo-first orderdapseudo-second order kinetics models were
applied to investigate the potential speed cordrgphs. Non-linear form and linear form equations

of kinetic models are given in Table 11.1:

Tab. Il.1:1llustration of the linear forms, nonlinear formsdaplot of kinetic models analyzed for

optimization studies.

Kinetics model Non-linear form linear form Refs
pseudo-first order q: = q.(1—e *1t)  log(qe — q;) =logq. — K;.t/2.303  [7]
pseudo-second order K,q? t 1 1 [8]

I = T Kyqut @ @ @

Where gand ge is the biosorption capacity (mg/g) at éopiim and at time t (min), respectively
and k (1/min) is the rate constant of pseudo-first omedel K (g/mg/ min) is the rate constant of

pseudo-second order model.

[1.5. Thermodynamic study

The thermodynamic parameters that shall be takém éonsideration in order to qualify the
adsorption processes are free energy of Gibbserddsorption enthalpyG ° (kJ / mol) due to the

transfer of one mole of solute from the solutionthe solid / liquid interface, the adsorption
enthalpy;AH ° (kJ / mol) as well as the adsorption entrop$; ° (J / mol / K). These quantities

were calculated according to the following equaipfi:

AG® = —RTInKc

AS®  AHO®
R RT

AG® = AH°—TAS?°

InK,. =
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_as_Ys_Cs

" ae Ye Ce
Where Kc is the distribution constant, as is attiaf adsorbed metal, ae is activity of metal in
solution at equilibrium, Ys is activity coefficienf adsorbed metal, Ye is activity coefficientRif
(1) in equilibrium solution, Cs is metal adsorbed CP-LC (mg/g), and Ce is metal concentration
in equilibrium solution (mg/L).AH°) (AS°) and AGe) are enthalpy (kJ/mol), entropy (J/mol K) and
change in Gibbs free energy (kJ/mol), respectivielys the universal gas constant (8.314 J/mol K)

and T is the temperature in Kelvin.
[1.6. Equilibrium adsorption isotherm models

One of the fundamental criteria for adsorbent nmtemtility is its maximal sorption capacity,
which is obtained based on the relationship betwbermass of sorbate per mass unit of sorbent
(mg/g) and the equilibrium concentration of sorb@tey/L). The best design of the adsorption
process requires a mathematical model descripti@m asotherm under equilibrium conditions. In
this regard, several mathematical models of omes;,tthree-, four and five-parameter available for
interpreting the experimental data. The parameiteach isotherm can provide insights into the
circulation of solute sorption between the sorlsambate phases, the adsorption mechanism, and
the affinity of the adsorbent [7]. The linear andnlinear mathematical equations of isotherm
models are given in Table 11.2 [8]. In the presstuidy eighteen-different isotherm equations were
studied for analyzing the experimental data. Thesmlels are: Henry, Langmuir, Freundlich,
Temkin, elovich, Fowler-Guggenheim, kiselev, Hik doer, Flory-Huggins, Redlich-Peterson,
Sips, Koble—Carrigan, Radke-Prausnitz, Toth, KhBaudu, Fritz-Schlinder (IV) and Fritz-
Schlunder (V).

11.6.1. One-two parameter isotherm models
11.6.1.1. Henry’s isotherm model

Henry's isotherm model is considered as the sistpdelsorption isotherm model as the partial
pressure of the adsorptive gas is proportionahéocaimount of surface adsorbate. An appropriate fit
of the adsorbate adsorption at low concentratiatescribed by Henry's adsorption isotherm model
in which all the adsorbate molecules are secludeah their closest neighbors. Consequently, the
equilibrium concentrations of the adsorbate in Hogeid phase and the adsorbed phases are

described by g linear expression of Henry preseasd®]:

q4e = KC,
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[1.6.1.2. Langmuir model

The simplest and still the most useful isothernn, foth physical and chemical adsorption, is the
Langmuir isotherm. This model assumes that adsorps limited to a monolayer: only a single
layer of molecules on the adsorbent surface arerbéd, adsorbent surface is homogeneous and
adsorption energy is uniform for all sites and ¢hisrno transmigration of adsorbate in the plane of
the surface. Once a pollutant occupies a site unihdr adsorption can take place in that site; the
intermolecular attractive forces rapidly decreasaligtance rises. There is no interaction between
molecules adsorbed on neighboring sites; adsormiorsurface is localized, which means that
adsorbed atoms or molecules are adsorbed at @efamtl localized sites. Based on previous
research studies, the Langmuir model has the lest$ quality with experimental data among two

parameter monolayer adsorption isotherm modEle mathematical expression of Langmuir

isotherm models are given §%0]:

_ QmaxKl Ce

=77k,

K. is the equilibrium constant (L/mg), which is aterion of the tendency of the adsorbate to
adsorb onto the active sites of the adsorbent seirfa larger b value represents higher adsorption
energy. The dimensionless constant of the separéior or equilibrium parameter to predict the

adsorption efficiency and usability of the Langmenuation is determined as [11]:

1

RL=————
T A4KLC )

where K (L/mg) refers to the Langmuir constant and Co eénated to the adsorbate initial
concentration (mg/L). In this context, lower Ralue reflects that adsorption is more favouralsie.
a deeper explanation, Ralue indicates the adsorption nature to be etiméavourable (R> 1),
linear (R = 1), favourable (0 < R 1) or irreversible (R= 0).

[1.6.1.3. Freundlich model

Freundlich isotherms the earliest known relationship describing then-rdeal and reversible
adsorption, not restricted to the formation of nlager. This empirical model can be applied to
multilayer adsorption, with non-uniform distributioof adsorption heat and affinities over the
heterogeneous surface. At present, Freundlichesathis widely applied in heterogeneous systems
especially for organic compounds or highly intekactspecies on activated carbon and molecular
sieves. The slope ranges between 0 and 1 is a meafuadsorption intensity or surface

heterogeneity, becoming more heterogeneous asiite \gets closer to zero. Whereas, a value
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below unity implies chemisorptions process where dldjove one is an indicative of cooperative
adsorption. The equation of Freundlich isotherm et®dre given as [12]:

1
G=)
qe = KrC, "

e

[1.6.1.4. Temkin model

Temkin isotherm is the early model describing ttsoaption of hydrogen onto platinum electrodes
within the acidic solutions. The isotherontainsa factor that explicitly taking into the accourfit o
adsorbent—adsorbate interactions. By ignoring gteemely low and large value of concentrations,
the model assumes that heat of adsorption of aleentes in the layer would decrease linearly
rather than logarithmic with coverage. As impliadthe equation, its derivation is characterized by
a uniform distribution of binding energies. Thanilen isotherm model is given as [12]:

RT
qe = E InArC,

[1.6.1.5. Elovich model

The Elovich is model based on a kinetic principlthwhe assumption of adsorption sites increasing
exponentially with adsorption, which representstitayler adsorption. The Elovich isotherm model

is expressed as [13]:

C, = 9e
quKEexp(

de
m )

11.6.1.6. Fowler-Guggenheimmodel

The Fowler-Guggenheim isotherm is the simplest egouadeveloped by considering lateral
interaction of the adsorbed molecules. The Fowlegggnheim model is defined as [11]:

@ QWD
KrCe = (1 — @) - exp( RT )

This isotherm model is predicated on the fact tiat heat of adsorption varies linearly with
loading. Therefore, if the interaction between abled molecules is attractive, then the heat of
adsorption will increase with loading because aféased interaction between adsorbed molecules
as loading increases (W = positive). However, g thteraction among adsorbed molecules is
repulsive, then the heat of adsorption decreastsleading (W= negative). But when then there is
no interaction between adsorbed molecules, and-thider-Guggenheim isotherm reduces to the
Langmuir equation [11].
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[1.6.1.7. Kiselev model

The Kiselev adsorption isotherm equation also knasrocalized monomolecular layer model is

only valid for surface coverage @<0.68 and its fioearized expression is as follows [12]:

7]
Kx1Ce = (m) (1 + Kx29)

WhereKy, is Kiselev equilibrium constant (L/mg) atg,is equilibrium constant of the formation
of complex between adsorbed molecules.

11.6.1.8. Hill-de Boer model

Hill and De Boer represented an equation of ththexon that takes account of lateral interactions
among adsorbed molecules and the mobility of tls@dmikd phase. The Hill-de Boer equation can
be expressed as [11]:

) @ @
KuCe = (1 —@) exp (1 —@_Knﬁ>

Where K, and K, represent, respectively, the adsorbate-adsorbemttlas adsorbate-adsorbate
interactions. A positive Knalue indicates attraction between adsorbed spao@s negative value
means repulsion. The apparent affinity rises wotding when there is attraction between adsorbed
species, and it is reduced with loading when tlierepulsion among the adsorbed species. When
there is no interaction between adsorbed molecHlg=0)

11.6.1.9. Flory — Hugginsmodel

Flory-Huggins isotherm model, which occasionallyrides the degree of surface coverage
characteristics of adsorbate onto adsorbent, caress the feasibility and spontaneous nature of the

adsorption process. The equation of Flory-Huggsinsherm is presented as [12]:

%]
.= Kpy (1 — @)"FH

0

The ny parameter is the number of adsorbate ions occupsorgtion sites. The equilibrium
constant, Ky used for the calculation of spontaneity free GilelnergfAG®) is related to the

following equation [11]:
AGO = _RTanFH
11.6.2. Three parameter isotherm models

[1.6.2.1. Redlich—Peterson model
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Redlich—Peterson isotherfil] is a hybrid isotherm featuring both Langmuir anceufrdlich
isotherms, which incorporate three parameters ant@mpirical equation . The model has a linear
dependence on concentration in the numerator arekponential function in the denominator to
represent adsorption equilibria over a wide conmegion range, that can be applied either in
homogeneous or heterogeneous systems due to #atiligr. Typically, a minimization procedure
is adopted in solving the equations by maximizimg tcorrelation coefficient between the
experimental data points and theoretical model iptietis with solver add-in function of the
Microsoft excel. In the limit, it approaches Frelicid isotherm model at high concentration (as the
exponent ~ tends to zero) and is in accordance wiéhlow concentration limit of the ideal
Langmuir condition (as the ~ values are all claserie). The mathematical expression of Redlich—
Peterson isotherm models are given as [11]:

KR Ce

Qe = 1+ axC,by

11.6.2.2. Sips model

Sips isotherms a combined form of Langmuir and Freundlich egprens deduced for predicting
the heterogeneous adsorption systeand circumventing the limitation of the rising adsate
concentration associated with Freundlich isothermdeh At low adsorbate concentrations, it
reduces to Freundlich isotherm; while at high com@gions, it predicts a monolayer adsorption
capacity characteristic of the Langmuir isotherns. @ general rule, the equation parameters are
governed mainly by the operating conditions suchtles alteration of pH, temperature and

concentration. The Sips isotherm model is givef13dk

— qmsKSC;ls
1+ KC.*

de

11.6.2.3. Koble—Carrigan model

Similar to the Sips isotherm model, Koble—-Corrigswtherm is a three-parameter equation, which
incorporated both Langmuir and Freundlich isotherodels for representing the equilibrium
adsorption data. The isotherm constants, A, B aackrevaluated from the linear plot using a trial

and error optimization. The Koble—Corrigan equatian be expressed as [13]:

AcCZ*

Te = 11 B CI¥
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[1.6.2.4. Toth model

Toth isotherm model, is another empirical equatitaveloped to improve Langmuir isotherm

fittings (experimental data), and useful in desogbheterogeneous adsorption systems, which
satisfying both low and high-end boundary of theaemtration. Its correlation presupposes an
asymmetrical quasi-Gaussian energy distributiorih vost of its sites has an adsorption energy

lower than the peak (maximum) or mean value. Thegon of Toth isotherm is presented as [11]:

K;C
Q: T%e .

(1 + (KrCe)mr)rr

[1.6.2.5. Khan model

Khan isotherms a generalized model suggested for the pureisokjtwith x and & are devoted
to the model constant and model exponent. At kabtihigh correlation coefficients and minimum
error function, its maximum uptake values can b# determined. The Khan model is defined as
[12]:

_ GmiubruCe
(1 + bgyC,)xH

de

11.6.3. Four-five parameter isotherm models
11.6.3.1. Baudu model

The calculation of the Langmuir coefficientsyagand K, carried out by the measurement of
tangents at the different equilibrium concentragiamdicates that they are not constants in a wide

concentration range. Their variations with concaingn are written as [12]:
b = bocx

Drawing plots of In (g.) and In (b) versus In &€gives the parameters of modej, bns, X, and y.

The Langmuir equation has been transformed tolthnarfg equation [11]:

1+X+Y
_ Amb bO Ce

Qe = poci*¥

This equation is valid when (1+x+y) and (1+x) 1r Fewer surface coverage, the model reduces to
the Freundlich equationFrom previous studies, Baudu provides the besteaggat with

experimental data regarding four parameter monolag¢herm models.
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11.6.4.2. Fritz-Schltinder (IV) model

Four-parameter isotherm model of another form ohdrauir Freundlich type was extended

empirically by Fritz and Schlinder. The equationhe$ model is calculated as [11]:

ccit

Qe =11 D e

This equation is valid when Mand M<1. At high liquid-phase concentrations of the alate, this
model reduces to the Freundlich equation. ForML =1, the model reduces to the Langmuir

equation.
11.6.4.3. Fritz-Schlinder (V) model

A broad field of experimental equilibrium data dananalyzed by using a five-parameter model,
named Fritz-Schlinder isotherm model. This modglires nonlinear regression techniques with

higher complexities for its solutioithe Fritz-Schliinder equation is expressed as [12]:

_ QmFSSKF51CéW 1
Qe = ¥ Kpg, CI2

The isotherm model is valid when;Mnd M<1.

Tab. 11.2 (a):lllustration of the linear forms, nonlinear formsdaplot of various isotherm models

analyzed for optimization studies.

Non Linear form Linear form Plot
One parameter
model
Henry q.=KC, a - q. Vs C,
Two parameter
models
1. 1 l |74 C
G _ 0gq. Vsog
Freundlich qe = K:C,""b logqe = logK +n_F log Ce ‘ ‘
C, 1 Ce Ce
i _ 9maxKiCe _ 1 —_— = — VsC
Langmuir €= ¢ AT Tx s de  KiGmax  Qmax 9e ’
e e ln% Vs q,
Elovich Com—— e = nKe Gme =7 ¢
AmeKeexp( q )
m
q. vs InC,
_RT q =ElnAT+—lnC ’ ’
Temkin de = b_Tl"ATCe f ¢ by by ¢
o W 1- ;a) (zwg) i€, (—-) Vs 2
Fowler— KpcCeo = (T) —exp (—) g lnCe( g )= ke +{(p
. 1-@ RT
Guggenheim
K,
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Tab. 1.2 (b):lllustration of the linear forms, nonlinear formsdgplot of various isotherm models

analyzed for optimization studies.

Non Linear form

Linear form

Plot

Kiselev

Hill-de Boer

Flory—Huggins

Three parameter
models

Redlich—
Peterson

Sips

Koble—Carrigan

Radke-Prausnitz

Toth

Khan

Four and five
parameter
models

Baudu

Fritz-Schlunder
(V)

Fritz-Schlinder
V)

Ky, C, = (%) (1+K,D) h

e (2 o _ . 9,
”e_(l—z)e"p(l—@_ ngrr)*

1]
—=Key(1 -7 |

C,
_ KRCe
Qe = 11 apC,bg
_ quKSC:S

T =1k,

_ ACE
Qe =1T+Bcox ™
_ qmKrpCe
Te = T KepCI™
KrC,
o=———
1+ (KrCHrr)nr

_ minbruCe
e = W+ beuCon

1+X+Y
Ce

_ Ampbo
Qe =1 1 p,crx 1

cen

Ge=Typcm "

_ QmrssKrs1Co™
Qe = ¥ Kpgy CM2

Ce(1 - @

1 J—
C,(1-92)

(Z)+ ek

%]

) (:2g) =+

1]
In (C_) = InKpy + npy(1 — @)
0

inf

In

Ce

e

C.
KRq—e - 1) =bgInC, +Inay,

e

1
L) =—InC, +Ink,

&

—4e ng
1 By

Qe AgCrr A

1
Kgp kgp

L C:R
Krp

ln<—nT) =n;InK; +n¢lnC,
Amg — e

L,
-9 @
C,(1-9) @

Ln< > )—(1_®)vs¢

In (c%) Vs (1-0)

a. : Henry's isotherm model adsorption constant.

b. Kg (mg/g)(L/mg}" adsorption capacity, (1) :adsorption intensity.
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model
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constant. T (K) temperature.
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0. Keg (L/g): Fowler—Guggenheim equilibrium constavt(KJ/mol): interaction energy between
adsorbed molecules. @: surface coverage of thalaeiso

h. Kki (L/g): Kiselev equilibrium constanKk, : constant of complex formation between adsorbed
molecules.

i. Ky (L/g): Hill-de Boer constaniK ,, (k.J/mol): energetic constant of the interactiobmeen
adsorbed molecules.

J. Kew  (L/g): Flory—Huggins equilibrium constantiry :number of adsorbates occupying
adsorption sites.

k. ar (L/g): constant in Redlich—Peterson isothermy @./g): constant in Redlich—Peterson
isotherm. i constant in Redlich—Peterson isotherm.

l. dms (Mg/g): maximum adsorbate uptake from sips mddelL/g): constant in Sips isotherm.
ns: coefficient in Sips isotherm.

m. Ar (mg/g): Koble-Carrigan isotherm constarx (L/g): Koble-Carrigan isotherm constani:n
coefficient in Koble-Carrigan isotherm.

n. gm (Mg/g): maximum adsorbate uptake from Radke—Prausmodel. Kzp (L/Q): constant in
Radke—Prausnitz isotherm coefficient in Radke—Prausnitz isotherm.

0. gmk (MQ/g): maximum adsorbate uptake from Toth molel(L/g): constant in Toth isotherm.
ny. coefficient in Toth isotherm.

pP. dnks (MQg/g): maximum adsorbate uptake from Khan mobgl. (L/g): constant in Khan
isotherm. @, .constant in Khan isotherm.

d. gmp (Mg/g): maximum adsorbate uptake from Baudu modbgl(L/g): constant in Baudu
isotherm ,x and y are constant in Baudu isotherm.

r. C (L/g): Fritz-Schltinder (IV) constant. D (L/g)Fritz-Schlinder (V) constant. Mand M are
constant in Fritz-Schlinder model.

S. gmrs (Mg/g) Fritz-Schlinder (v) maximum adsorptiopa&eity. Krs1 andKgs, (L/g) are Fritz-

Schlinder (v) equilibrium constant.
[1.7. Error functions

The goodness-of-fit measuregere determined based on the error functions. Bséfit isotherm
model was identified based on the lowest errorribistion between the predicted and
experimental valueS.he model with theninimum value of error functions considered to be the
most suitable isotherm modéh this regard, several mathematical error fundisnch as The
coefficient of determination @ Residual variance {§ The average relative error (ARE), The
sum of the squares of the errors (ERSQ), the hyfogictional error function (HYBRID) and the
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Marquardt’'s percent standard deviation (MPSD), wexamined in this work to make a
comparison between experimental results and thdigbeel model, to select the most suitable fit
isotherm to experimental data. The minimum valuermr function assessments will indicate the
similarity of isotherm to the experimental data.eTmathematical expression of the error
equations is illustrated in table 11.3, where, nthe number of data points, p is the number of
parameters in the modelegand g are respectively experimental and calculated esalof
sorption capacity of metal ions in the solid ph@sg/g) [14].

Tab. 11.3: Error functions used in the study.

Error function Equation

—_2
(qexp - qcal)
The coefficient of determinationfR Y (Gexp — Eca,)z + (ear — G ,g))?

n
— 2
Residual variance (B (Gexp — Gea)n

n=1 n-p
The average relative error (ARE) 100 Z": Qoxp — Qeal
n nei dcal n
The sum of the squares of the errors (ERSQ) < )
Z(qexp - qcal)
n=1
The hybrid fractional error function (HYBRID) 100 zn: ((qcal - qexp)z>
n—-p o 9cal n
Marquardt’'s percent standard deviation (MPSD) 100 1 z" (qcal - qexp>2
n—p i=1 9cal n
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Chapter IlI: Methodology

[11.1. Chemicals

All the chemical agents used in this studyravof analytical grade. Stock solutions (1000) of
heavy metal ions, such as Pb (ll), Zn (II), Cu @d Cr (VI) were prepared by prepared by
solubilizing a determined amount of their nitridtsa diluted heavy metal concentrations were
obtained from the stock solution. Each metal isoisition diluted to the aqueous feed initial metal
concentration for each experiment. The pH of sohgiwas adjusted adding diluted solutions to
0.1M HCI or NaOH prior commencing the biosorptiotperiments. Residual concentration of all
heavy metal ions left in aqueous solution was dateed using AAS-UNICAM-969 atomic
absorption spectrophotometer, except for the measemt of the non-adsorbed Cr (VI)
concentration was carried out according to thedstechcolorimetric method [1]. A sample of 1 ml
of the solution is taken which is mixed in an acmkdium with a complexion agent, 1, 5-
diphenylcarbazide. Thus, a purple-violet complexoisned after 10 minutes and its intensity is

measured spectro-photometrically at 540 nm.

[11.2. Biosorbent and treatment of biosorbent

[11.2.1. Native biosorbent

As a kind of abundant biological resourcesfaludylindrica biomaterials can be employed as
biosorbent for the elimination of heavy metal idrsn aqueous media, either used directly or after
properly activation pre-treatment. Such LC biomaterhave intricate networks of stable, water-
insoluble fibers with high surface areas and withctional groups (carboxyl, hydroxyl, amino and
sulfonate groups) on t heir surface which give trseroh biosorbent characteristics [2]. In present
study, the Algerian Luffa Cylindrica fibers werelessged as biosorbents for the removal of heavy
metals from aqueous solution. For this reasonLthdibers were manually washed with distilled
water and scrubbed with a brush to remove saltse Iscale and sediment from the surface.
Subsequently, they were dried in the open air #oh@urs, then in an oven at 40 ° C for 48 hours.
The dried leaves were then finely ground (the plartsize between 0.5 and 2 mm), washed again
with distilled water, and then placed in the ovéB@ ° C. for 48 hours until their weight become

constant and then stored in desiccators.

[11.2.2 Chemical treatment of biosorbents

Matured dried fruit oL. cylindrica was peeled to obtain the placental cushion of tlayo The
cushion was cut into longitudinal halves, which e#ren cut into rectangulardiscs (18x20 mm and

2-3 mm thick), soaked in boiling water for 30 mivashed thoroughly with tap water, and placed in

36



Chapter IlI: Methodology

distilled water for 24 h, changed 3-4 times. Thedus discs were dried at 70 and sterilized by
autoclaving at 120C and 1.06 Kg/cfpressure for 20 min. Each sponge disc was separate
weighed and used for cell immobilization (Figure).2Biscs thus prepared were suitable for
immobilization of microalgal cells of chlorella pmoidosa.

[11.2.2.1 Organism and culture medium

The unicellular green microalgae, C. Pyreas&d was maintained by sub-culturing on 1/5%
YMG agar slants (yeast extract 4 gr, malt extrattgt, and D-glucose 6 gr per liter of distilled
water). The growth medium (GM) consisted of (gr |ier of distilled water); KNQ, 2; KH,PQy,
0.1; MgSQ.7H,0, 0.1; CaCGl .H,O, 0.05; HBO3, 0.00286; MnCJl-4H,0, 0.00181, ZnSO7H,O,
0.00022; NaMo@ -2H, O, 0.0004; CuS®-5H0, 0.00008; FeSL:-7H,0O, 0.00557, NREDTA,
0.00745. The pH was adjusted to 7.5 and the termyeravas fixed at 303 K under illumination
(16:8 day-night cycle) at 20mol photons rif s in 1-L Erlenmeyer flask. The microalgae were
harvested by centrifugation at 5,000 rpm for 15utes and washed with distilled water and then
used for sequester of Pb (ll) from an aqueous isol(i8].

11.2.2.2 Preparation of C. Pyrenoidosa -luffa cylidrica immobilized discs

A weighted portion of 1 g of luffa cylindriciscs was transferred to 100 ml of GM medium and
inoculated with 5 ml, 30 days-old stationary pheskures of C. pyrenoidosa and incubated for 14
days for developing inoculums biomass. The lufcsgiwere removed and washed thoroughly with
fresh GM to remove any free microalgae cells. Theyenoidosa -luffa sponge immobilized discs
were harvested after 3 weeks, washed thoroughly eiitilled water, and freeze-dried for further

studies on metals biosorption.
[11.3. Chemical analysis

The chemical composition of the Luffa Cylingi (lignin, hemicelluloses, cellulose, and
extractive components) was obtained following cariie@al analyticamethods [4]. The biosorbent

samples that have particle size ranging from 3tonesh were employed for this analysis method.
[11.3.1. Analysis of extractives

A dried LC sample of 5 g3p) was leached with a mixture of benzene and ethé@veizene:
ethanol of 2:1) by stirring with a magnetic stirrera 250 mL flask at a constant temperature for 4

h. The residue was separated from the mixture Ibytfon and dried in an oven at-QC until the
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weight was constant. The residue was cooled to emhtiemperature in a desiccator and then

weighed G3). The extractive materials wt% was determinedhyfollowing equations [4]:
w, = 2=S1x100
Go

[11.3.2. Analysis of hemicelluloses

After the each process as described above, thefrdélse 6 g sample@1l) was place in a 250 mL
flask and a 150 mL of 0.5 M NaOH solution was adttethe flask. The mixture was boiled for 3.5
h under reflux. The residue was separated frommtix¢ure by filtration and washed until no Na
ions were detected in the supernatant. The drisilue was cooled to room temperature in a
desiccator and weighed. The wt% of hemicellulositarial was calculated with the following

equations. [5]:

Go — Gy

W, = 100
2 G *

[11.3. 3. Analysis of lignin and cellulose

About 1 g of the residue from the extractivalgsis mentioned above was put into a 150 mL
weighed flask and was dried in an oven at 100-4QQuntil a constant weight was reached.
Afterword, the sample was cooled in a desiccatar &eighed Gs). Thirty milliliters of sulfuric
acid (75%) were poured slowly onto the sample. Thisture was kept at 18C for 1 day, after
which it was transferred into a 250 mL flask antuteéd with 300 mL of deionized water. The
sample was boiled for 1 hour under reflux. Afteolang and filtering, the residue was washed until
no sulfate ions were present in the filtrate. Salysatly, the residue was dried in an oven atG0
cooled to ambient temperature in a desiccator,vegighed (G4). The percentage of lignin (wt%)
was calculated with the following equations [6]:

_ G A=W

100

The cellulose wt% was obtained with the followirggations:
W4 = 100 - (Wl + Wz + W3 + aSh)
[11.4 Characterization

[11.4.1 Equipment
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- Atomic absorption spectroscopy (AAS-UNICAM-968uipped with a graphite furnace GF95)

was employed to determine the Residual concentrafitead ions left in aqueous solution.

- Fourier transform spectrometer (Prestige-21nm@aldizu spectrometer) was used for FTIR analysis.
-Scanning election microscopy (HIT S2600 N), withergy dispersive X-Ray analyser (Bruker
AXS Microanalysis GmbH, Germany) was used for SEDXEanalysis. .

-X-Ray analysis (XRD) Shimadzu (Japan) 7000 Xdtfractometer.

-Thermal gravimetric analyzer (Shimadzu DTG-60Hifedential with temperature range (ambient
to 1000 C), 500 mg measurable range (TG), £100f¢asurable range (DTA).

- VIS/UV spectrophotometer (Hitachi U-2000) was éoypd to determine hexavalent chromium

left in aqueous solution.
[11.4.2. Fourier Transform Infrared Ray (FTIR) anal ysis

FTIR analysis was employed to identify the fimtal groups on the surface of native and
immobilized luffa cylindrica. Spectra were recordadkBr pellets using a FTIR spectrometer. To
prepare the pellets, 1 mg of biosorbent was figgigded for 1 to 2 min together with 200 mg of
KBr. The FTIR spectra were recorded in the specamadie 400 to 600 chi7].

111.3.3. SEM — EDX analysis

Scanning Election Microscopy (SEM) coupled tergy dispersive X-Ray (EDX) analysis was
preformed to obtain topographical and elementabrmhbtion of biomass particles [7]. Samples
were mounted on a stainless stub using a douldke-&pe coated with a thin layer of carbon.

Digital images were processed by using Quartz P&jnam.
[11.4.4. XRD analysis

Analysis of the crystalline structure presemtlignocellulosic biomass and in the cellulose as
derived from the biomass was carried out using en&zu (Japan) 7000 X-ray difractometer
(XRD) instrument, with copper (Cu) as the radiamirse. Analysis was performed at an energy of
40 kV, electric current of 30 mA, scanning spee@®minute, recording every 0.02°, and scanning
angle 10 to 80°. The observed parameters duringXiR® analysis were comprised of the
crystallinity degree, the value @f(to determine which was the more dominant betwelulose
l, and cellulose 1), and the comparison between loskul, and |I. TheZ value was determined
using the lateral distance between the cellulodgnper chains.e., d; (100 and 010) and, (110
and 1-10)
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[11.4.5. TGA/DTG analysis

The main purpose of this study was to inveséighe thermal behavior of the LC and CP-LC by
a DTG analyzer. DTG analysis of the two biosorbevess carried out at the heating rate of 10 °C
minl in nitrogen atmosphere. The experiments wergedvith 0.1 Ig weight readability, sample
guantity (1 g max. in gross weight) and inert gamsosphere is used in this study. Nitrogen flow

rate to the thermogravimetric analyzer was se0ahlZmin with heating rate of 10 C/min.
111.4.6. pH of point zero charge (pHyzc)

The pH is a very important factor influenciog heavy metal ions sorption owing to its
influence on chemical speciation of the metal iquidl phase and also on the ionization of
chemically active sites on the biosorbent surfaderefore, the net charge of biosorbent surface
may play a crucial role in bioprocesses, and tlopety of protonation/deprotonation behavior of
biosorbent material in aqueous solution could befulselucidate biosorption mechanigfj.The
pH at which the biosorbent surface charge takesra walue is known as point of zero charge
(pHpzc). At this pH point, the charge of the postsurface sites is equal to that of the negative
ones. At solution pHs higher than pHpzc, biosorb&tface is negatively charged and could
interact with metal positive species while at pblsér than pHpzc, biomaterial surface is positively
charged and could interact with negative speciaseB on the protocahass titrations (MT) were
performed to determine the pldof LC. By looking at the distribution of LC parigcsize, two
kinds of particles which were the largest portioid.C were analyzed. Different masses of each
particle size within the concentration range 0@0-@/L were put into contact with a 50 mL 0.03 M
KNOg solution. The agueous suspensions were agitatet dary in an orbital shaker at a speed of
200 rpm until equilibrium pH was reached. The pHs the pH at which a plateau is attained when
plotting equilibrium pH versus biosorbent mass. $hee treatment and procedure was employed
for blank solution (50 mL 0.03 M KN4).

[11.5 Batch expriments

The experiments of biosorption were employed in datallel erlenmeyer flasks by a
mechanical shaker associated with a thermostatiervizath at an agitation speed of 150 rpm. The
biosorbents was separated from the aqueous solyi@entrifugation at 5000 rpm for 5 min. The
pH of the solution was adjusted with 1.0 M HN@ 1.0 M NaOH. The experiments in which the
effect of temperature, pH, contact time, biosorlmmcentration, and initial concentration of metal
ions were investigated. The ranges of these coregidgarameters were “298-333, 1-10.0, 5-
120 min, 0.1-20 /4, and 100- 300 nig, respectively.
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The removal efficiency and the amount of adsorbethhions per unit mass of adsorbent of metal

ions are calculated by the following equations [2]:

(C,_Co) * 100

R(%) = C
o

(Co-Ce)
= * V
m

Qe

Where G and G are the initial and final concentrations of metaid in the solution (mg/L), m is
the dose of biosorbent (g/L).

[11.5.1 Influence of the initial pH

The effect of initial pH on the equilibm was investigated in the pH range from 1.0 to
10.0 in a single and multiple heavy metal aquealstisn. The pH was adjusted using 0.1
mol/L NaOH and 0.1 mol/L HN@solutions, alternatively. In this present studgcte initial
metal concentration is10 mg/L in the multiple-metglieous solution. 10 mL of this solution,
at each selected pH, was agitated by a rotary mvitlr1 g of each biosorbent sample (free

and immobilized biomass). The temperature was epstant at 298K.
111.5.2 Influence of the biosorbent dosage

Influence of the biosorbent dosage for eadmbss (LC, CP and CP-LC) on the removal of
metal ions was investigated in the range of 0.2Ga/L of each biosorbent. Experiments are all
conducted at optimum pH for each metal, and otleditions were kept equal as mentioned

previously.

[11.5.3 Desorption, regeneration and reuse

Desorption experiments were performed justliercase of Pb (Il) onto LC-CP. To carry out the
regeneration and desorption studies of immoblizgry@noidosa biomass, five different desorption
agents, tap pO, distilled water, 0.1 M HCI, 0.1 M 04 and 0.1 M NaOH were utilized to
desorbed the lead (II) from the biosorbent. Exacd0 mL of the desorption agents was kept in
250 mL Erlenmeyer fasks with the recovered biosarlaed agitated for 30 min with continuous
agitation at a 100 rpm at a temperature of 298 Ke Tegenerated biosorbent was used in five
consecutive adsorption/desorption cycles to detenthe reusability of the immobilized C.
pyrenoidosa onto luffa cylindrica. The final mei@h concentartions in the agueuse solution were

determinated. Desorption and reloading ratio veateulated mathematicaly as follows[2] :
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. . Amount of metal ions desorbed
Desorption ratio = : * 100
Amount of metal ions adsorbed

Amount of metal loeded in a higher cycle

* 100

Reloading ratio =
g Amount of metal loeded in the first cycle

[11.5.4 Kinetic study

For the kinetic studies, 1 g of biosorbet€,(CP and CP-LC) was contacted separately
with 100mL of -metal aqueous solution by a rotanyxenduring 5, 10, 20, 30 and 45 min and
1, 2 and 3h. At each predetermined interval of tithe aqueous and the solid phases were
separated by filtration (with Millipore filters) dnthe concentration of metal ions in the final
agueous solution was analyzed by AAS all heavy Ime&tecept for hexavalent chromium we

use the 1,5-diphenylcarbazide method.

[11.5.5 Isotherm study

Biosorption isotherm studies were conduasdusual at 298K and the aqueous solution
varying the initial metal concentration from 10360 mg/L. So, 100 mL of metal aqueous
solution at optimum was agitated by a rotary mwéh 1 g of each biosorbent (LC, CP and
CP-LC). Meanwhile, this can be used to determiree dffect of initial metal concentration
onto the biosorbents efficacy and to evaluate threesponding biosorption thermodynamic

parameters (using different isotherm modeling sys)e
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IV.1. Biosorption of heavy metals by Luffa Cylindrica

The current section describes the biosorption of Pb (1), Zn (I1), Cu (Il) and Cr (V1) ions from
aqueous solutions and waste petroleum water by using Luffa Cylindrica under different conditions.
The parameters influencing the metal uptake including the contact time, the pH of aqueous solution,
adsorbent dose, temperature and the initial metal concentration were analyzed. FT-IR, SEM-EDS,
XRD and TGA-DTG analysis were followed to better characterize the biosorbent. The biosorption
kinetics of heavy metals onto LC fiber was modeled by using the pseudo-first order and pseudo-
second order kinetic model. The equilibrium data of each metal were modeled by several isotherm
models of two parameters. Furthermore, the thermodynamic and the kinetic parameters for each
system were determined. In addition, metal ions adsorbed by the LC are eluted with several
desorption agents. The biosorption capacities of regenerated Luffa Cylindrica are examined.

IV.1.1. Characterization of Luffa Cylindrica
IV.1.1.1. Chemical analyses

The main components of the Luffa Cylindrica determined by chemical and proximate analysis are
given in Table. IV.1. It is seen that cellulose is the dominant macromolecular component in the LC,
and lignin is the second richest group. According to the results, it can be said that the Luffa
Cylindrica possess typical lignocellulosic structure which contain —OH groups as main functional
groups. According to the American Society for Testing and Materials (ASTM) standard [1], the
average bulk density of Luffa Cylindrica was found to be 730 kg/m®.

Tab. IV.1: Chemical analyses used in this study.

Chemical analyses Extractives Hemicelluloses  Lignin (Cellulose + ash)

Wit% 13.76 8.95 31.6 40.2

IV.1.1.2. FTIR study

The identification and the existence of functional groups present in the fiber of Luffa Cylindrica

before and after treatment with metal ions were studied by FTIR analysis at room temperature
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(25+°C). For the comparative study, the spectra of untreated and treated biomass of LC with heavy
metal ions (Pb (11), Zn (I1), Cu (I1) and Cr (V1) ions) were examined. The appended FTIR spectra
are shown in Fig.IV.1 (A, B, C, D and E). In all the spectra, a broadband range of 3200-3550 cm™
corresponds to the presence of hydroxyl groups [2] associated with the N—H bond of amino groups
[3]. The relative difference in band intensity to be similar to the difference in the concentration of
respective functional groups associated with the bands. It was justified by the presence of broad
band in the frequency range of 3200- 3550 cm™ corresponds to the existence of the hydroxyl group
[4]. Two sharp peaks at 2925 and 2852 cm™are attributed to the -CH asymmetric and symmetric
stretching vibrations of methylene hydrogen [2]. Each spectra demonstrates a sharp, intense peak at
1752 cm™ attributed to the aromatic C=C, C=0 and conjugated ketones or C=N amide stretching.
The methyl asymmetric C-H bends at 1458, 1053 and 1034 cm-1 ascribed to C-O stretching of
alcohol, carbohydrates or polysaccharides-like substances. A medium intensity broad band in the
range of 1050 cm-1 is assigned to v (C-O-C) asymmetrical stretching [3]. In comparison to the
spectra of untreated biosorbent of Luffa Cylindrica with treated heavy metal ions (Pb (1), Cu (1l),
Zn (1) and Cr (VI)), a minute shift in peak position was observed (Fig.l.1 (A, B, D, C, and E).
These changes were occurred owing to the binding of lead, copper, Zinc and chromium ions with
amino and hydroxyl groups of Luffa Cylindrica. Thus, shifting of bands confirms the adsorption of
metal ions on the surface of Luffa Cylindrica. The most remarkable difference amongst the four
spectra is; at an intensity of 3000-3800 cm™ representing hydroxyl (-OH) stretching, and the
medium intensity band in the range of 1600-1700 cm-1 represents carbonyl (—-C=0) stretching.
These signify the involvement of hydroxyl groups in the binding of Pb (11), Zn (11), Cu (Il) and Cr
(V1) ions. A slight change in the frequency of peaks confirms the existence of biosorption.
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Fig. IV.1: FTIR spectrum. A: LC, B: LC-Pb (1), C: LC-Pb-Zn (1), D: LC-Cu (II), E: LC- Cr (VI).
1V.1.1.3. SEM-EDS study

The morphology of the Luffa Cylindrica was observed by SEM. The fibers, formed by fibrils

glued, are disposed in a multi-directional array, forming a natural mat (Fig. IV. 2a); the
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diameters of single fibers are in the range (63-125um). To observe the inner fibrils and further
investigate the complicated physical structures in the natural Luffa Cylindrica, a crude fiber was
observed at high magnification (Fig.IV.2b). The SEM image shows that the fiber has a
heterogeneous appearance with an outer rich lignin layer around the fibers. The internal fibrils
cannot be seen due to the lignin layer. At higher magnification (Fig. IV. 2c, d), the SEM image
displays a rougher surface with lots of waxy and gummy substances on the untreated Luffa
Cylindrica fiber; the internal fibrils cannot be observed [5]. The EDS spectrum is shown in
Fig.IV.3 and the contents of each element are listed in Table. V. 2. The energy dispersive X-
Ray microanalysis (SEM/EDS) of the Luffa Cylindrica fibers indicates mainly the presence of
carbon (65.68 %) and oxygen (30.13 %). However, as the EDS analysis is less sensitive for
light elements (Z B 10) [6], the carbon and oxygen content were quantified by ultimate analysis.

Their concentrations suggest the presence of high amount of different oxygenated groups on the

carbon surfaces, such as Cl, Ca, Na, Mg, K, Si and P whose contents are between 0.09 and
1.21%.

Fig. IV. 2 : SEM micrographs of Luffa Cylindrica.
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Fig. 1V.3: EDS spectrum from the Luffa Cylindrica.

Tab. IV. 2: Principal elements identified on the biomass surface by SEM/EDS.

Element C O Na Mg Si P Cl K Ca

Content (%) 65.68 30.13 0.71 059 027 0.09 121 036 0.77

IV.1.1.4. X-Ray Diffraction analysis
The crystallinity index of the tested LC was calculated from X- Ray Diffraction patterns recorded
on an X'Pert pro MPD X-ray diffractometer. Diffractograms were obtained by varying angle (20)
from 4° to 65°. The crystallinity index (lcr %) of the LC was calculated using the following formula

[71:

[a — [am

Icr% = { }* 100

Ia
Where 1, is the maximum intensity of diffraction peak at 26 angle between 20° and 25° and Iy, iS

the intensity of diffraction of the amorphous material, which is taken at a 20 angle between 13°
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and 18° when the intensity is minimal.
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Fig. IV. 4: X-Ray Diffraction patterns of free and loaded Luffa Cylindrica.

The XRD examination of LC and LC-loaded metal ions shows that only the crystal polymorph
| of cellulose is present. Fig. V.4 shows the X-Ray Diffraction patterns of native LC and LC
loaded with studied heavy metals. This figure shows many peaks at 20 = 15.1°, 16.4°, 22.4°
and 34.4°. The peaks at 20 = 15.1° and 16.4° correspond to respectively crystallographic planes
(110) and (110). These two peaks will be confused in the case of the samples showing a
high rate of amorphous products such as hemicelluloses, lignin and amorphous cellulose [8].
We can see in Fig. V.4 that LC and LC-loaded metal ions, the peaks at 20 = 15.1° and 16.4°
are not confused indicating a low rate of amorphous products such as hemicelluloses, lignin
and amorphous cellulose. The peaks at 26= 22.4° and 34.4° indicate respectively the (002) and
(023) crystallographic planes. Table.lV.2 presents the data of crystallinity index for all metal
studied. As shown in Table IV.2 the adsorption of heavy metals in Luffa fibres improves
their crystalline structure. It was observed that the intensity of the peak in LC- M increased on
adsorption. The increase in intensity of peak during adsorption indicated increased crystallinity of
LC- M. However; the LC- M showed broadening of the peak after adsorption due to convergence of
the fibers toward more disordered system [9, 10]. It has been observed that (Table 1V.3) a slight

increased in percentage crystallinity of the fiber on adsorption copolymerization resulted in increase
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in randomness or disorder in the crystal lattice of cellulose fiber. This was due to incorporation of
adsorbed metals on the active sites of backbone during adsorption and fibers became more

amorphous and resulted in impaired crystalline structure [11] and [12].

Tab IV. 3: Crystallinity index LC and LC-Metals.

Sample LC LC-Pb(I) LC-Cu(ll) LC-Zn(ll) LC-Cr(VI)

%Xc 50.00 66.32 70.56 70.84 68. 18

IV.1.1.5. Thermogravimetric analysis

It is known that natural fibers contain cellulose, hemicellulose, and lignin, and these components
contribute the thermal stability of natural fibers [13]. Therefore, the contents of these components
affect the thermal stability of fibers. The thermal degradation of natural fibers is a two-stage
process, one in the temperature range 220-280C and another in the range 280-300 °C. The low-
temperature degradation process is associated with degradation of hemicellulose, whereas the high-
temperature process is due to lignin [14]. TG and derivative thermogravimetric analysis graphs of
Luffa Cylindrica were presented in Fig. IV. 5. Weight loss values in the ranges 25-125 and 125—
600°C are obtained to be about 8 and 71%, respectively. The weight loss versus temperature curve
exhibits a first drop from 25 to 125C, which could be due to the evaporation of water retained by
the fibers. Weight loss values in the range 25-125C and 125-600C are 7.8 and 70.5%, respectively.
Total weight loss value in the range 25-600 °C is 78.3%. The maximum degradation temperature of Luffa
Cylindrica is obtained to be 381°C.
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Fig. IV. 5: TGA/DTG analysis of Luffa Cylindrica.
1V.1.1.6. Point of zero charge (pHpzc)

The point of zero charge (pH pzc) of the Luffa Cylindrica fiber was evaluated by the solid addition
method using KNO3; (0.01 M) solution [14]. The experiments were carried out in 100 mL
Erlenmeyer flasks with stopper cork containing 50 mL of KNOj3 solution (10-2 M). The initial pH
(pHi) in each flask was adjusted between 3 and 11 by adding NaOH or HCI solutions (0.1 M).
Then, 0.5 g of the Luffa Cylindrica was added to each flask which is kept for 48 h with intermittent
manual shaking to reach the equilibrium. The difference of the initial and final pH was plotted
against the initial pH. The point of intersection of the resulting curve with the abscissa axis, for
which ApH = 0, gives pHpzc (Fig. IV.6)
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Fig. IV.6 : The determination of the point of zero charge (pHpzc).

1VV.1.2. Biosorption optimization

1VV.1.2.1. Effect of contact time

The effect of contact time on the adsorbent and metal ions is shown in Fig. IV.7. the rate of
adsorption with respect to residence time on the surface of Luffa Cylindrica shows that the
percentage removal of the metal ions firstly increased with increasing contact time; that is, the
adsorption processes is fast until they reached their optimum times. This is attributed to the
availability of large surface areas of the adsorbent. At these points, the equilibrium times were
attained. After the plateau, the surface pores of the adsorbent became enclosed and desorption
began. The slow rate of adsorption at this stage also known as desorption process may be due to the

agglomeration of metal ions on the surface of the adsorbent.
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Fig. IV.7: Effect of contact time: initial concentration 10 mg/L; biosorbent dose: 1 g/100mL,;
temperature: 298K.
1V.1.2.2. Effect of pH solutions

The pH is an important process parameter on biosorption of metal ions from agueous solutions
since it is responsible for protonation of metal binding sites. The Luffa Cylindrica contain different
groups of amino, hydroxyl and carboxyl on the surface, which are affected by changes in the
solution pH [15]. The influence of solution pH on the metal ions adsorption capacity was examined
at various pH values (2.0 to 8.0) as displayed in Fig.l1V.8. (A, B, C, D). The maximum adsorption of
Pb (1), Zn (11) and Cu (II) was obtained at pH5-6. At lower pH values Pb (11), Zn (I1) and Cu (II)
removal was inhibited, possibly as a result of the competition between hydrogen and Pb (11), Zn (1)
and Cu (II) ions on the sorption sites, with an apparent preponderance of hydrogen ions, which
restricts the approach of metal cations as in consequence of the repulsive force. As the pH
increased, the active sites in Luffa Cylindrica (LC) would be exposed, increasing the negative
charge density on the LC surface, increasing the attraction of metallic ions with positive charge and
allowing the biosorption onto the LC surface. In this study, these Pb (1), Zn (I1) and Cu (II) at
around pH 5-6 would be expected to interact more strongly with the negatively charged binding
sites in the biosorbent. As a result, the optimum pH for these metals biosorption was found as 5-6

and the other biosorption experiments were performed at this pH value. . In the case of Cr (VI), the
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results showed that the maximum amount of Cr (VI) adsorbed occurs at pH 2. The adsorption
capacity decreases sharply when the pH of the solution goes from 2 to 3. Beyond this value of pH,
the adsorption capacity still decreases, but less significantly, to record its lowest value at pH7. This
behavior is explained by the fact that at pH2, the functional groups present on the surface of the LC
particles undergo a strong hydronation, which confers on the parietal bio polymers a positive
overall charge. On the other hand, the ionic forms of hexavalent chromium which may be present in
solution are anionic in nature such as HCrOy’, Cr,07%, Crz015% and Cr4043%, and this for pH values
ranging from 1.5 to 4 [14]. Thus, the biosorption involved in the present study seems to be mainly
due to an electrostatic attraction phenomenon. In addition, the adsorption capacity recorded
decreases with increasing pH. Indeed, the higher the pH, the more the solution is concentrated in
free hydroxyl (OH-) radicals which are likely to compete with the anionic species of Cr (V1) on the

active adsorption sites available on the surface of LC fibers.
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Fig. 1V.8: Effect of pH solution: (A) LC-Pb (1), (B) LC-Zn (1), (C) LC-Cu (1), (D) LC-Cr (V).
(Initial concentration 10 mg/L; contact time: 120 min; biosorbent dose:1 g/100mL; T: 298 K).

1VV.1.2.3. Effect initial concentrations of metal ions

These studies were carried out to determine the time required for biosorption of Pb (1), Zn (I1),
Cu (II) and Cr (VI) ions on Luffa Cylindrica to reach equilibrium. These experiments were
conducted using 1 g of LC with 100 mL of metal solution at different initial concentrations.
As seen in Fig.IV.9 shows that as the initial heavy metal ion concentration increased, at 298K,
constant pH and constant adsorbent mass for the respective optimum times, the percentage
removal of the metal ions decreased. The higher initial metal ion concentrations provide a strong
driving force between the liquid/solid phases [16]. At lower concentrations, the ratios of available
binding sites to the initial metal ion concentrations were larger, while at higher concentrations, the
saturation of the adsorption sites occurred. This behavior is attributed to less availability of

surface-active sites.
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Fig.l1V. 9: Effect of initial metal ion concentration onto LC .
1VV.1.2.4. Effect of Luffa Cylindrica concentrations

The influence of adsorbent dose of Luffa Cylindrica powder was investigated in the range of 0.1-4g
for 100 ml of initial metal ion concentrations. The plots of percentage removal of metal ions against
dosage are presented in Fig.IV.10. It is worth noting that the percentage removals of the studied
metal ions increased as the adsorbent dose increased. This could be due to the increased adsorbent
surface area, pore size and volume, and the availability of vacant sites [17]. The higher adsorbent
dosage gave rise to higher removal of metal ions, providing an important driving force to overcome

all mass transfer resistances of the metal ions between the aqueous and solid phases.

57



Chapter IV: Results and discussion

100 -
90
80
70
60
< == Pb (Il)
= 50
== 7n (1)
40 Cu (1)

20

10

0 T T T T T T 1
0 0,5 1 1,5 2 2,5 3 3,5
dosage (100 ml)

Fig. 1V.10: Effect of adsorbent dosage on metal ion adsorption onto LC.

1V.1.2.5. Effect of temperature and thermodynamics of adsorption

The effect of temperature parameter on the uptake of metal ions by Luffa Cylindrica describes the
relationship between temperature and the concentrations of the metal ions adsorbed onto the
adsorbent at optimum contact time. As illustrated in Fig. V.11, the adsorption of the metal ions on
the adsorbent decreased as the temperature increased from 298 to 333 K. The decrease in adsorption
of metal ions could be the result of a decrease in the mobility of the metal ions as a result of
acquired energy in the system. This indicated that the interaction of metal ions with active
sites at the surface of the adsorbent is an exothermic process, which could also be considered as a
physical adsorption process. In order to describe the spontaneity of the adsorption process by
thermodynamic parameters, temperature was varied from 298 to 333 K. The results are shown in
Table.IV.4. The negative values of (AH °) obtained indicates that the adsorption processes of all
metals studied are exothermic in nature [18]. This confirms the previously discussed results which
showed a decreased retention by the elevation of the temperature of the solution. Also, the relative
value of AH ° confirms the idea that the binding of the metal molecules to the Luffa Cylindrica is

likely of a physical type. On the other hand, the value of (AS °) indicates the good affinity of the
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biosorbent with respect to the metals ions and reflects the increase of the "disorder” factor at the
level of the solid interface / solution with some possible structural changes of the adsorbate and the
biosorbent during the adsorption process. Moreover, the negative values of (AG °) show that the
adsorption process studied is spontaneous [19]. The negative values of the standard enthalpy (AH ©)
(Table.lV.4) confirm that the adsorption at the sites of each adsorbent is of exothermic nature and
which is also indicated by the increase of the adsorbed quantity with the decrease of the
temperature, and that the molecule / particle interactions are of a physical nature.

Tab.1V.4: Thermodynamic parameters of Pb, Zn, Cu and Cr ions removal from aqueous solution by

LC.

Metal ions AH ° (ki/mol) AS ° (KIimol.K) AG ° (kI/mol)

298K 303K 313K 323K 333K

Pb (I1) -5.8 -0.016 -1.032  -0.952 -0.792 -0.632 -0.472
Zn (1) -7.11 -0.014 -2.93 -2.868 -2.728 -2.588 -2.448
Cu (1) -10.77 -0.025 -3.32 -3.195 -2.945 -2.69 -2.450
Cr (V) -20.29 -0.05 -4.39 -5.140 -4.64 -4.14 -3.64
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Fig. IV.11: Effect of temperature on the percentage removal of Pb (I1), Zn (II), Cu (1I) and Cr (V1)

onto LC.
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1V.1.3. Biosorption kinetics

The modeling of batch kinetics is important in explaining the mechanism of adsorption and to
determine the potential controlling steps in mass transport. For all metal studied, the results fit the
pseudo-second order (PSO) better than the pseudo first order model (Fig. IV.12 (A, B, C and D))
indicating the involvement of two species in the sorption process of metal ions. As agreed with the
literature, a pseudo second order model best describes the adsorption of divalent metal ions [21].
The rate constant of a pseudo second order model (k) decreases as the concentration is increased
till it reaches a peak. This shows that the uptake rate is decreased and resistance in the microspores
i increased, till equilibrium is reached [22]. This may be attributed to a change in the ratio of
binding interactions. The maximum adsorption capacity values of the experiments were very close
in value to the model ge values as shown in Table.IV.5. Also, the fastest exchange rate, shown to
occur in less than 20 min in Fig. IV.12, may mean that exchange positions are initially on the
surface. The increase in initial concentration results in a decrease in k; and then an increase in value
had been reached, a further decrease in K, was seen as concentration further increased. This implies
that other experimental factors, not solely diffusion, play an important role in the kinetic process of
adsorption. Also, this further explains the relationship between the number of available binding
sites and the rate of adsorption since availability of sites is related to the initial concentration of
metal ions and the time at which equilibrium adsorption capacity is reached [21].

Model efficiency, which equates to the correlation coefficient R? value, is a good measure to avoid
errors that occur as a result of experimental values and is the best indicator for model fitting data
values [23].
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Fig. IV.12 : Adsorption kinetic models of Pb, Zn, Cu and Cr ions by LC.
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Tab.IV.5: Kinetic parameters of Pb, Zn, Cu and Cr ions removal from aqueous solution by LC

Metals Initial Q Exp Pseudo- first-order Pseudo -second —order
metal Ge.exp e.cal K, R? e cal ks R’
constration (mg/g) (mg/g) (min™) (mag/g)  (g9/mg.
(mg/L) min)
Pb (I1) 10 2.00 1.15 0.05 0.920 2.00 0.120  0.998
25 5.9 4.99 0.069 0930 59 0.05 0.999
100 8.9 7.5 0.09 0.940 8.9 0.03 0.997
Zn (1) 10 1.07 0.96 0.16 0.920 1.07 0.15 0.999
50 3.5 2.5 0.21 0940 35 0.06 0.999
100 4.6 3.26 0.30 0.940 4.6 0.014  0.998
Cu (11) 10 0.88 0.60 0.111 0.920 0.88 0.20 0.999
50 2.5 211 0.19 0.940 25 0.14 0.998
100 3.5 3.06 0.23 0.950 35 0.01 0.997
Cr (V1) 10 1.5 1.15 0.15 0920 15 0.33 0.999
50 3.6 2.29 0.29 0.940 3.6 0.45 0.998
100 5.8 4.26 0.39 0.94° 538 0.09 0.998

IVV.1.4. Adsorption isotherms

Equilibrium data of the Pb (I1), Zn (II), Cu (II) and Cr (VI) removal process were analyzed and
modeled by Langmuir, Freundlich and Temkin isotherm models. These mathematical models are
the most frequently employed for different adsorbent/adsorbate process. According to the theory of
Langumuir, adsorption system onto adsorbent surface is limited to monolayer with definite and
localized site; only a once layer of adsorbate on the solid surface are adsorbed. This empirical
isotherm assumes that the adsorbent surface is homogenous and the energy of adsorption is identical
for all sites and there is no interaction between adsorbed molecules on plan surface. Unlike
Langumuir isotherm, Freundlich adsorption model [24] argues that adsorbent surface is
heterogeneous active sites with multiple levels of adsorption temperatures and different affinity
levels. The Temkin adsorption model [25] suggests the adsorption energy decreases linearly with

the surface coverage owing to adsorbent/adsorbate interactions.
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Equilibrium tests were studied under optimum conditions obtained from the isotherm model
predicted by. Constants and parameters of each model were derived by coefficient of correlation
(R?). Isotherm model plots for removal of metal ions are shown in Fig. 1V.13. the adsorption
isotherm constants and R? values are presented in Table.IV.5. According to Fig. 1V.13 and
Table.lV.6, the equilibrium data are fitted better by the Langumuir model compared to other models
for all metal studied with high error values (0.998, 0.999, 0.997 and 0.998 for Pb (II), Zn (1), Cu
(1) and Cr (VI) respectively). This result shows that the adsorption phenomenon proceeds as a
monolayer on uniform surfaces. The maximum sorption capacities are 8.9, 4.67, 3.9 and 5.91 mg/g
for Pb (I1), Zn (1), Cu (I1) and Cr (VI) , respectively. The values of K, which are attributed to the
binding energy of the active site of LC are 0.05, 0.09, 0.05 and 0.06 L/g for Pb (1I), Zn (I1), Cu (II)
and Cr (VI), respectively. The value of R vs initial lead ions concentrations between 10-120 mg/L
are 0.66-0.14, 0.52-0.08, 0.66-0.14 and 0.625-0.12 for Pb (lI), Zn (1I), Cu (II) and Cr (VI) K,
respectively . These results indicated that the bioprocess is favorable and reversible, because (0 < R,
< 1) [26]. Additionally, it was observed that the variation of adsorption energy (bt < 8) in Temkin
model, which validates the physical adsorption, was 2.4, 2.8, 2.98 and 2.71 kJ/mol for Pb (ll), Zn
(11), Cu (I1) and Cr (VI), respectively.
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Fig. IV.13 : Adsorption isotherm models of Pb, Zn, Cu and Cr ions by LC.

Table.IV.6: Isotherm parameters of Pb, Zn, Cu and Cr ions removal from aqueous solution by LC.

Isotherm model T (K) isotherm parameters R’
g max (MY/g) K (L/mg)
Pb (1) 8.9 0.05 0.998
Langmuir Zn (1) 4.67 0.09 0.999
Cu (I1) 3.9 0.05 0.997
Cr (V1) 5.91 0.06 0.998
K £ (mg/g) 1/n
Pb (1) 1.58 0.701 0.94
Freundlich Zn (1) 0,87 0.303 0.9
Cu (1) 0,69 1.45 0.970
Cr (VI 0.427 0.713 0.981
bt (KJ/mole) At (L/g)
Pb (I1) 2.4 1.32 0.95
Temkin Zn (1) 2.8 1.000 0.970
Cu (I1) 2.98 1.069 0.970
Cr (V) 2.77 0.999 0.964
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IV.1.5. Recycling of Luffa Cylindrica
IV.1.5.1. Desorption of metals ions loaded on the Luffa Cylindrica

Desorption studies were conducted to select the optimum desorbing solution to be employed in
successive regeneration cycles. The desorption experiments shown in Fig. V.14 indicate that Pb
(1), Zn (11), Cu (I1) and Cr (V1) ions accumulated onto the Luffa Cylindrica could be desorbed and
maximum percentage recovery of Pb (I1), Zn (I1), Cu (Il) and Cr (V1) ions with 0.1 M HCI were
95.1%, 78.1%, 82.01 and 68.1, respectively. Therefore, 0.1 M HCI solution was selected as
desorption reagents for removing Pb (I1), Zn (I1), Cu (II) and Cr (V1) ions from the Luffa Cylindrica
surface. The resultant desorption phenomenon observed in Fig. 1V.14 for Pb (I1), Zn (1), Cu (II)
and Cr (V1) ions might be attributed to ion exchange type interaction rather than chemical sorption
[27]. Desorption is useful for the recovery and separation of metal ions in addition to the
regeneration of the exhausted bisorbent [28]. The hydroxyl and carboxylic groups in the groundnut
husk made it amenable to easy desorption and regeneration with the acid solutions [29]. The results
of this study contradict the fnding of Bhuvaneshwari et al [30]. Who studied on regeneration of
chitosan after Cr (V1) sorption. In their study, 0.1 M H,SO, was the best desorption agent and
maximum desorption efciency of Cr (VI) was found to be 88% under the following optimum
conditions: agitation speed of 120 rpm, a contact time of 60 min and temperature of 40 °C.
Furthermore, Wan et al. [31] investigated the desorption of Pb (I1) and Cu (II) ions from chitosan-
coated sand in a batch system using tap water and diluted HCI solutions. The results signifed that
more metal ions could be recovered by the HCI with desorption efciency of 97.91% and 99.22% for
Pb (1) and Cu (I1), respectively.
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Fig. IV.14: Desorption of Pb (I1), Zn (I1), Cu (I1) and Cr (V1) ions adsorbed on LC.
1V.1.5.2. Regeneration and reusability of the Luffa Cylindrica

Several adsorption-desorption cycles were conducted for Pb (I1), Zn (11), Cu (I1) and Cr (VI) ions
to determine the adsorption-desorption potential of the Luffa Cylindrica, once it had been
regenerated several times. The reusability of the used adsorbent was investigated by performing
three successive Adsorption—desorption cycles Pb (I1), Zn (11), Cu (I1) and Cr (VI) ions on the
adsorbent using 0.1 M HCI. There was a gradual decrease Pb (II), Zn (I1), Cu (II) and Cr (V1) ions
removal efficiencies with an increasing number of cycles as shown in Fig. 1V.14. It was observed
that the first cycles showed good retrieval of all metal ions accumulated on the adsorbent surface.
For Pb (I1), Zn (1), Cu (I1) and Cr (V1) ions, the removal efficiencies of first cycles were found to
be 80.4%, 68.3% 75.7and 68.5%, respectively, as presented in Fig. 1V.14. the regeneration
experiments showed that the LC could be reused repeatedly in the adsorption and recovery of Pb
(1), Zn (1), Cu (I1) and Cr (V1) ions ions without signifcantly losing its adsorption properties.
Generally, regeneration is a key factor in improving the economy of the adsorption process and
accessing the potential of the adsorbent for commercial applications. From the regeneration studies,
Pb (1), Zn (I1), Cu (I1) and Cr (V1) ions uptake capacity on the LC was reduced after a sequence of
three cycles. After this, no significant desorption was observed which indicated that a considerable
part of the metal ions adsorbed was due to irreversible sorption. Hence, chemisorption has an

important influence on metal ions removal [32]. The LC be reutilized repeatedly in Pb (11), Zn (1),
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Cu (I1) and Cr (VI) ions adsorption processes since the Pb (1), Zn (I1), Cu (I1) and Cr (V1) ions
could be desorbed and adsorbent regenerated up to three cycles by 0.1 M HCI. This means that the
adsorbent offered an economic benefit to be recycled repeatedly in Pb (I1), Zn (11), Cu (1I) and Cr
(V1) ions adsorption process. It has been found that if the used adsorbent could be regenerated and
used again at the end of the frst cycle, then the adsorbent is said to be economical and could be used
commercially [33]. The findings of this study could be compared to the findings of other studies on
desorption and regeneration of exhausted biosorbents. Gupta and Rastogi [34] investigated sorption
and desorption studies of chromium (VI) from the nonviable cyanobacterium Nostoc muscorum
biomass. Sorption—desorption of chromium into inorganic solutions and distilled water were
observed and the study indicated that the biosorbent could be regenerated using 0.1 M HNO3 and
EDTA with up to 80% recovery. The biosorbent was reused in five biosorption—desorption cycles
without a significant loss in the biosorption capacity. Katsou et al [33] studied the regeneration of
natural zeolite polluted by lead (1) and zinc (I1) in wastewater treatment systems. Several desorbing
solutions such as HNO3, NaCl, KCI and NH4CI were examined for the removal of Pb (1) and Zn
(1) from zeolite, and the highest desorption efciency was obtained for 3 M KCI and 1 M KClI,
respectively. KCI was the most efective solution for the desorption process exhibiting very high
desorption efciencies (>98.5%) for both metals. Kwon et al [35] conducted a study on the
desorption and regeneration characteristics for previously adsorbed indium ions to phosphorylated
sawdust. Various chemical reagents such as HCI, HNOj3, NaCl, ethylene diaminetetraacetic acid and
nitrilotriacetic acid were tested on the desorption characteristics of indium ions adsorbed on
phosphorylated sawdust. Among them, HCI was chosen as the best desorbing agent with a
desorption efciency of 97% at a concentration of 0.5 M. A study was conducted by Hossain
et al.[36] on the adsorption and desorption of copper (I1) ions onto garden grass. In their study, the
desorption of adsorbed Cu (1) from exhausted garden grass was explored using eight types of
desorption eluents including tape water, Milli-Q water, distilled water, 0.1 N H,SO,4, 0.1 N HCI,
0.1 N HNO3, 0.1 N NaOH and 0.1 N CH3COOH. It was found that 0.1 N H,SO,4 was a suitable
eluent, which could be used up to fve cycles of adsorption—desorption. In most studies, it is found
that the desorption of metal ions in acidic media appeared to be rapid and higher than in basic and

neutral media.
1V.1.6. Comparison of metals biosorption with different biosorbents

The biosorption capacity of Luffa Cylindrica biosorbent for the removal of Pb (11), Zn (I1), and Cu
(1) and Cr (V1) ions from agqueous solutions was compared with those of other biosorbents reported

in literature. Table.lV.7 shows the biosorption capacity, gmax based on Langmuir adsorption
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capacity. Maximum Pb (1), Zn (I1), and Cu (11) and Cr (V1) ions biosorption onto LC at pH 6.0 and
25 °C obtained in this study were 8.9, 4.67, 3.9 and 5.91 mg/g for Pb (II), Zn (I1), Cu (Il) and Cr
(VI) , respectively. These values found to be higher than many other biosorbents. The availability
and cost effectiveness of LC are additional advantages to be used as an effective biosorbent for
removal of Pb (I1), Zn (1), and Cu (1) and Cr (V1) ions from industrial wastewaters.

Table.lV.7. Comparison of other biosorbents from selected literature with the present work.

Metals Biosorbents Qmax Pb* pH Biosorbent Contact References
(mg g/g ) concentration dosage time
(mg/L) (g/L) (min)
Pb (II) Penicilliumsp. 4.6 10-200 - 10.0 120 [37]
R. arrhizusBanana 5.2 10-200 5.0 10.0 60 [38]
C. demersum 6.6 10-100 5.0 10.0 - [39]
Aspergillus niger 7.7 10-160 4.84 5.0 180 [40]
Luffa Cylindrica 8.9 10-100 5.0 10 60 This study
Zn (1) Neem bark 3.1 10-200 - 20.0 120 [41]
Black gram husk 4.1 10-100 5.0 10.0 60 [42]
Activated carbon 4.6 10-200 5.0 10.0 60 [43]
Oxidised jute 5.02 10-150 4.84 5.0 180 [44]
Luffa Cylindrica 10-100 5 10 60 This study
Cu (I) Thyme leaves 0.04 10-100 5.0 5.0 120 [45]
Sawdust 1.72 10-120 5.0 8.0 60 [46]
Cotton ball 2.6 10-120 5.0 10.0 90 [47]
Chlorella fusca 3.3 10-100 4.84 7.0 80 [48]
Luffa Cylindrica 10-100 5 10 60 This study
Cr (V1) A. sydoni 1.76 10-200 2.0 10.0 120 [49]
Rhizopus 4.33 10-100 2.0 8.0 60 [50]
Water lily 6.11 10-120 2.0 10.0 60- [51]
Green taro 6.06 10-100 2.0 20.0 180 [52]

Luffa Cylindrica 5.4 10-100 2.0 10 60 This study
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IV.1.7. Application the optimum conditions in industrial sample (Hassi R’mel)

The studied adsorbent was applied in the adsorption of Pb (1), Zn (1), Cu (1) and Cr (VI) ions
from the sample of waste water of Hassi R’mel, Laghouat, Algeria. The sample was subsequently
treated with the LC biosorbent materials to determine the percentage removal of the metal. The
samples (500 mL) were then treated with 5 g of biosorbent at optimum condition of each metal. The
two metal ions were quantified using spectrophotometer before and after the removal experiments
Table.lVV.8 shows the efficiency of Luffa Cylindrica of Pb (1I), Zn (I1), Cu (II) and Cr (VI) ions
from industrial wastewater (wastewater composition is shown in chapter. 1). Regardless of the type
of used bacteria biomass, the efficiency of Zn (1), Cu (1) and Cr (VI) removal was over 75%
because of the concentration in the wastewater did not exceed 12 mg/l. Only for lead ions did it
remain lower than 25%, despite high concentrations of metal in the wastewater; 226.4 ppm. The
descending order of selectivity of metal ions by the biomasses was Pb>Zn>Cu>Cr. This preferential
type of adsorption may be ascribed to the difference in ionic radii and the electro-negativity of the
metal ions. The ionic radius of Pb (1) is 1.20 A°, while that of Zn (I1) and Cu (lI) is 0.9 A°. The
smaller the ionic radius, the greater its tendency to be hydrolyzed, leading to reduced biosorption.
The electro-negativity of Pb (11) (2.33 Pauling) is greater than that of Cu (11) (1.91 Pauling) and Zn
(1) (1.60 Pauling). Both the aforementioned factors contributed to the vegetal biomass had a greater

affinity for lead than for nickel or zinc [53].

Thus, the results showed that LC is effective in removing Zn (1), Cu (I1) and Cr (VI) ions from
industrial waste water. Except for lead ions, this biosorbent is not sufficient for eliminate all heavy
present in the industrial water. Thus, we propose to ameliorate the adsorbent capacity by

immobilization of LC fiber with microalgal chlorella pyrenoidosa.

Tabl.1V.8. Adsorption of Pb (1), Zn (1), Cu (1I) and Cr (VI) ions in the industrial waste water.

Metal ions Time pH T°C C (mgl/l) Qmax R%
(min) (mg/g)
before after
Pb (11) 60 5 25 2264 183.1 2.6 11.03 0.005-0.015
Zn(l) 60 5 25 112 2.9 0.83 741 5
Cu(ll) 60 5 25 7 1.01 0.599 84.2 1.0-1.3
Cr(vl) 60 2 25 53 0.01 0.538 100 0.05-0.25
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IVV.2. Biosorption of lead ions onto immobilized Luffa Cylindrica

In this section, an attempt was to explore the feasibility of an efficient biosorbent obtained by
coating microalgal species (Chlorella pyronoidosa) on the surface of lignocellulosic material (Luffa

Cylindrica discs) for the removal of lead ions from aqueous solution and petroleum waste water.
IV.2.1. Characterization of Luffa immobilized
1V.2.1.1. FTIR study

The pattern of sorption of metal ions onto biomaterials is attributable to the functional groups
present on active sites and characteristic bonds present on them. Fig. 1V.15 depicts the FTIR
spectrum determined for Luffa Cylindrica (LC) chlorella pyronoidosa (CP) and C. pyronoidosa
immobilized in Luffa Cylindrica (CP-LC). A broadband from 3600 to 3100 cm™' may be observed
in the Luffa Cylindrica spectrum, which is indicative of the elongation of —OH groups [54]. The
bands located at 2810—2850 cm ' correspond with the oscillation band of the group —CH [55, 56].
The intense peak near thel500 cm™ region is typical of Luffa Cylindrica and indicative to C=0
vibrations. The weak band at 1450 cm™" is ascribed to COO" associations and indicates the presence
of carboxyl groups in the Luffa Cylindrica molecules. The peak that appeared at 950 cm™ is
attributed to the oscillation of C-O, while the oscillation band at 930 cm™" is assigned COC groups
[54]. A wideband ranging between 36003000 cm ' is the fingerprint of the oscillation of OH
groups in the spectra of C. pyrenoidosa confirms the existence of a hydroxide group [56]. The

absorption peak at 2800 cm™'

could be attributed to the presence of asymmetric and symmetric
—CH groups [54]. Another peak at 1500 cm™' is suggesting the oscillation of C=0 (extension of
amide 1) indicates the presence of residual N-acetyl groups [57]. The intense bands at 1470 cm™'
and 1100 cm™' relate to oscillations of the N-H with exists as amine groups in Chlorella
pyrenoidosa [54]. One of the fundamental monosaccharide in Chlorella pyrenoidosa is
glucosamine, an amino sugar, and thence the presence of the amide groups might represent this
amino sugar [57]. Distinct bands at 960 cm™" (extension of C-O group) and at 930 cm ™' (extension
of COC- bond) confirms the a-L-guluronic acid of C. pyrenoidosa [58]. In turn, the spectra of C.
pyrenoidosa immobilized in Luffa Cylindrica adsorption peaks typical of both compounds
constituting the sorbent applied in the study. A new peak, which does not exist in pure C.
pyrenoidosa, is an asymmetric peak of adsorption at 1350 cm ™! being typical of the COO™ bands. It
indicates that the CP-LC occurs carboxyl groups origin native Luffa Cylindrica. The CP-LC
spectrum depicts also a shift of the absorption peak from 1500cm ™' to 1450 cm™' and disappearance

of the amine group band (1500 cm™'), which elucidates the reaction proceeding between L.
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Cylindrica and C. pyrenoidosa as a consequence of ionic interactions between the positively
charged amine group of C. pyrenoidosa and negatively charged carbonyl group of L. Cylindrica. To
control the functional groups involved in the biosorption of Pb (II) onto CP and CP-LC, a
comparison between the FTIR spectrum before and after biosorption of Pb (1) was done (Fig.
IV.16). FTIR spectra depict slight changes in functional groups and surface characteristics of the
biosorbents, elucidated by the shift of some functional groups' peaks due to lead biosorption.
Furthermore, the fact demonstrated that the lead ions were successfully adsorbed by the CP and
CP-LC, probably via physical interactions between the lead ions and the functional groups present.
These shifts could be attributed to the changes in lead (Il) ions associated with carboxylate and
hydroxylate anions, indicating that acidic groups, carboxyl, and hydroxyl, are predominant

contributor in the complexation of lead ions and ion exchange processes [59].
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Fig. IV.15: FTIR spectrum of: L C, CP, CP-Pb (II), CP-LC, and CP-LC Pb (I1).

IV.2.1.2. SEM-EDS study

SEM images showed a uniform spherical morphology for the sample (Fig. IV.17 (A), with a particle
diameter varying from 14.13 pm to 123.4 pm, with a median of 38.84 um. It is possible to observe
the presence of pores with an average diameter of 1.868 = 0.337 um, classified as macro-pores by
the International Union of Pure and Applied Chemistry (IUPAC) [60]. Therefore, the selectivity of
the biosorption process should be more associated with the interactions with the surface groups and

not with the pore size itself [61]. Thus, the selectivity of the adsorption process should be more
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related with the interactions with the surface function groups and not with the pore size [62]. The
SEM micrograph of C. pyrenoidosa immobilized in Luffa Cylindrica thread showed a uniform
microalgal growth along the surface of the LC fibers thread confirming that immobilized. C.
pyrenoidosa cells werenot fixed at single point. This uniform distribution in CP-LC is an important
certion for removal of metallic substaces. Representatives SEM of single LC before and after
immobilization are depicted in F Fig. IV.16 (B, C).

Results obtained through EDS (Fig. 1VV.17) confirmed the majority of carbon, 68.3%, followed by
oxygen with 21.9%, copper 3.9% and other elements that added up to 5.8% of the material
composition. Microalgae, when dry, can present 20% of triglycerides, 45% of proteins and 20% of

carbohydrates [63], which justifies the predominant carbon composition found for the analyzed

sample.

Fig. IV.16: (A) SEM of C. pyrenoidosa cells. (B) SEM of Luffa Cylindrica fiber. (C) SEM of C.
pyrenoidosa immobilized in Luffa Cylindrica.
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Fig. IV.17: EDS spectrum from the CP-LC.

1V.2.1.3. Thermogravimetric analysis

Like all vegetable biomass, CP-LC is composed of cellulose, hemi-cellulose, and lignin.
Fig. 1V.18 exhibits the curves for TGA and DTG for CP-LC is in the temperature range of 30 to
600 °C in oxidizing atmosphere.

The overall mass loss during thermo-gravimetric analysis can be divided into steps
related to moisture, hemi-cellulose, cellulose, and lignin. Thus, as one can see, the first stage of
the weight loss (4.49%) can be attributed to the evaporation of physically absorbed water,
structural water, and also perhaps due to the elimination of some side groups by heating the
sesame leaf up to 180 °C. From 180 to 213 °C, mass loss was slight. Afterwards, the second
stage of pyrolysis occurred when the temperature was varied from 213 to 430 °C. In this stage,
almost all of the weight loss (53.33%) was observed with the maximum decomposition rate at
317 °C. The behavior of the pyrolysis curve at this temperature indicates hemi-cellulose and
cellulose decomposition [64]. Lignin decomposition was evident in the 430 to 580 °C range
(mass lose 36.50%), thus indicating that this structure was thermally more stable than hemi-
cellulose and cellulose. Finally, no mass loss was detected when the temperature was increased

further to 600 °C. This result indicates the presence of oxides (mainly those of aluminium and
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silicon), which are stable at higher temperatures.
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Fig. 1V.18: Curves of thermo-gravimetric analysis (TG and DTG) of CP-LC.

IV.2.1.4. Point of zero charge (pHpzc)

The pHpzc was defined by preparing a 0.5 g-L™ solution of biosorbent in 0.03 mol-L—1 sodium
chloride (NaCl) solution, adjusting the pH to different values (4-10). The mixture was placed in a
shaker for 24 h at 250 rpm and 28 °C and pHpzc Was obtained in the range where the buffer effect
was observed [65]. For the adsorbent studied, the value of pHpzc obtained was 5.95. In media with
pH lower than pHpzc, the surface charge of the adsorbent is positive and anions adsorption is
favored. On the other hand, in media with pH above pHpzc the surface charge of the adsorbent is

negative and favors the biosorption of cations [66].

1VV.2.2. Biosorption optimization
1VV.2.2.1. Effect of pH

It is well documented that solution’s pH is an important factor that has a significant influence

on the metal solubility and the sorbate concentration of the counter ions on the functional group of
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the biosorbent. Thus, the pH is considered as the most important factor that could affect
the biosorption of metal ions from aqueous solutions [67]. Fig. 1V.19 depicts the effect of pH
variation on the biosorption of Pb (II) ions onto free and immobilized C. pyrenoidosa. The
efficiency of Pb (I1) biosorption in a pH in a range from 4.5 to 6 reached 91.36% for CP and 97%
for CP-LC. Consequently, all the experiments were adjusted out at pH 5. The current outcome
indicated that the biosorption of Pb (II) was increased with increment in pH value. Thus, at lower
pH, Pb (1) would be present commonly as M (Il) ions. The minimum biosorption showed at low
pH of 2 could be, on one hand, due to the fact that the presence of higher proton concentration and
its mobility favored hydronium ions biosorption parallel to M (Il) ions and on the other hand,
owing to the great solvability and ionizability of metals salt in the acidic solution. It would be
credible to suggest that at a lower pH value, the adsorbent surface is surrounded by HsO" ions,
thereby preventing the positively charged metal ions from approaching the binding sites of the
biomass surface. This condition suggests that the surface of biomass ace becomes more positively
charged such that the attraction between actives sites and metal cations is decreased. In contrast,
when the pH level increased, the binding efficiency incremented because the functional groups of
biomass surface were negatively charged thus facilitating biosorption of M (l1), it could be deduced
that the biosorption yield of Pb (II) increased with increasing pH as the metal species become less
stable in the solution [68]. The optimum biosorption observed in the pH range from 4.5 to 6 could
be due to partial hydrolysis of metal cations, which favors electrostatic attraction between the
surface of biosorbents and Pb?* ions. Resulting in the formation of soluble hydroxylated complexes
of M (OH) " ions and M (OH), (Fig. V.20 ), which would be adsorbed to a considerable extent on a
less-polar carbon surface of the biomass as regards M (I1) ions[69]. The Pb (11) ions are presumably
adsorbed at the surface of biomass by ion-exchange mechanism or via hydrogen bonding as

previously mentioned as follows [69]:
2((ROH)+M? —  2(RO) M +2H"
(ROH) + M (OH)" —» (-RO)M(OH)+H"
2(-ROH) + M (OH); ——»  (-ROH),*+M(OH),

In the overall equations, M represents the Pb (11) ions and R represents the matrix of CP or CP-LC.
Attempt to elevate the pH above pH 6 resulted in the precipitation of lead (I1) ions out of solution,

thus, pH Swas taken as the optimum pH for the biosorption of Pb (1) onto CP and CP-LC.
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Fig. IV.19: Effect of initial pH of the solution on the biosorption of Pb (II) by CP and CP-LC.
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1VV.2.2.2. Effect of initial concentration

Lead solutions with deferent initial concentrations in the range of 10-300 mg/L at 298 K and
optimal pH5 were equilibrated using 1 g biosorbent dose for both biomass CP and CP-LC. The
analysis of the current results of metal ions biosorption demonstrated that the biosorption capability
of sorbents was affected by the level of initial concentrations. Fig. 1V.21 Shows that the Pb (I1) ions
equilibrium biosorption capacity onto free and immobilized C. pyrenoidosa increases from 9.2 to
108.04 mg/L, 9.8 to 123 mg/L, and elimination rate decreases from 91.36 to 35.86%, 96.9 to
41.36%, respectively when its initial concentration increases from 10 to 300mg/L. At higher initial
concentrations, the active site's biomass surface would be surrounded with more metal ions in the
solution, for that reason, the equilibrium adsorption capacity of the adsorbent increases with
increasing the metal ions concentration which reinforces the adsorption process. In contrast, the
removal efficiency decreases by an increase in metals' initial concentration. At low initial
concentrations, the rate of the initial number of metal ions to the accessible active sites of sorbents
is low; as-a-result, the removal efficiency of metal ions is higher and at higher initial concentrations
[70].

140 4 r 120

——&—— ge (mg/g) of lead onto CP

- 100

- 80
—— (e (mg/g) of lead onto LC-CP

e (mg/g)
Efficienty %

- 60

-=-=M--- sorption% of lead onto CP
- 40

- 20

===B--- sorption% of lead onto LC-CP

0 20 40 60 80 100 120 140 160 180 200
Ce (ppm)

Fig. IV.21: Effect of the initial concentration of Pb (I1) biosorption onto CP and CP-LC. (pH 5.0,
time 40 min., temp. 298 K).
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1V.2.2.3. Effect of temperature and thermodynamic parameters

In order to estimate the effect of temperature on the biosorption of Pb (II) onto CP-LC, the
process was carried out at several temperatures ranging from 298 to 318 K with 100 mg/L of initial
Pb (I1) concentrations at pH 5.0. The equilibrium lead ions biosorption capacity of the CP-LC was
better at lower temperatures as the adsorbed amount of lead ions decreased with the rise in
temperature. It is important to mention that the bio-adsorption process is usually not functioned at
high temperature [71]. Since bio-adsorption reactions are normally exothermic, the decrease in
biosorption capacity between 298 and 343K may be due to the damage of active sites in the
immobilized C. pyrenoidosa in Luffa Cylindrica. Temperature dependence of the bio-adsorption
process is related with three thermodynamic parameters including enthalpy (AHe), entropy (ASe),
and free energy change (AGe), which are used to determine whether the biosorption process is a
spontaneous or not. Values of the standard Gibbs free energy change (AG®) for the biosorption
process are listed in Table. IV.9. Gibbs free energy change (AG®) was found to be -10.64, -11.09, -
11.24,-11.40 and -11.50 kJ/mol at 298, 303, 308, 313 and 318 K, respectively. The negative values
of AG® indicated the spontaneous nature of the process and its feasibility for the temperature range
evaluated. Moreover, the increase in temperature resulted in a decrease on Gibbs free energy,
suggesting that a better adsorption is actually obtained at lower temperatures. The negative value
observed for AH°® (-1.70 kJ/mol) indicates an exothermic process and the positive values
of 45° (0.031k/J mol. K) was not very large and indicated increased randomness at the
solid/solution interface during the biosorption of lead ions and good affinity of Pb (I1) towards CP-
LC. Some researchers have indicated that the positive values of A4S° reflected some structural

changed in the sorbent [72].

Tab.IV.9: Thermodynamic parameters of Pb (I1) biosorption onto CP-LC at different T.

Temperature (K) AG® (kJ/mol) AH°® (kJ/mol) AS° (K J/mol.K)
298 -10.64 -1.70 +0.031
303 -11.09
308 -11.24
313 -11.40
318 -11.50
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1V.2.3. Biosorption kinetic

The effects of contact time and initial concentration of Pb (1) on the biosorption process were
studied under the following conditions: time range from 5 to 120 min, pH 5.0, 298 K and using
different initial Pb (1) concentrations, 10, 50 and 100 mg/L. For all Pb (Il) concentrations studied it
was possible to show that an increase in contact time corresponds to an increase in amount
biosorption capacity. The biosorption increases quickly during the first 20 min and after 40 min the
adsorption remains constant. According to the results presented in Fig. V.23, it is possible to verify
that the time necessary to reach the equilibrium was 40 min. The result obtained from the
experiment data was used to study the kinetics of lead ion biosorption. The rate kinetics of Pb (I1)
biosorption on the CP-LC was analyzed using pseudo-first-order and pseudo-second-order models.
The kinetic parameters for different Pb (Il) initial concentrations are presented in Table. 1V.10.
Plots of pseudo-first-order and pseudo- second-order kinetic models are shown in Fig. IV.23. As
shown in Table 4, the coefficients of determination (R?) calculated from the plots of pseudo second-
order kinetic models were higher (R? >0.999) than those of the pseudo-first-order models for all
studied initial Pb (Il) concentration. However, the values of ARE determined from the pseudo-
second-order kinetic model were much lower than that of the pseudo-first-order models. The value
of ARE relates to the conformity between the model-predicted and the experimental data values. In
general, the lower ARE values, the greater is the conformity effect. In contrast, the calculated
values of e,ca determined from the pseudo-second-order equation perfectly agreed with the
experimental points of ge,exp at all initial concentrations. These results revealed that the pseudo-
second-order fits the experimental data better than pseudo-first order model. It can also be seen in
Table.IV.8 that, with an increase in initial Pb (Il) concentration, the initial biosorption rate (ho)
increased from 3.5 to 36 mg/ g as the initial metal concentration increased from 10 to 100 mg/ L.
This may be due to the increase of driving force between the solute sorbate and adsorbent molecules
with the increasing lead (I1) concentration. In contrast, the rate constant (k,) of pseudo second-order

model presented the opposite trend.

81



Chapter IV: Results and discussion

100
10ppm
90 . R S * . Y »
A T
80 ’/"'—:, g
o
5 70 ,‘, . 50 ppm
s 01 f /
50 ,"' I’,’I
!’ / . ._-”_‘_‘! e . SEEE EELIILELS ® ¢ 100ppm
40 +' ! ‘09’,' ==
il
30 ;: :’.//
" ::+';"' II/I ——————— Pseao |
10 ::"”/ -------------- P Sttt bttt 4eimtmtmtmimtmieeeut. /peeppuetettttts. A, 4
ll’.“_if;""-'* ---------------
v‘/’
0 9= T T T T T T
0 20 40 60 80 100 120 . Pseudo 11
t (min)
Fig. IV.22: Adsorption kinetic models of Pb (1) by CP-LC.
Table.IV.10: Kinetic parameters of Pb (11) biosorption by CP-LC.
Pb (I1) Qeexp PSeudo-first order Pseudo-second order
concentration Qe cal ki (1/min) R® ARE  Gecal K, ho R> ARE
(mg/L) (mg/g) (mg/g)  (g/(mg/min))
10 0.89 8.93 0.144 0.970 7.18 10.00 0.035 35 0999 216
50 46.6 4073 0100 0970 10.88 47.05  0.071 16 0999 1.9
100 89.9
70.99 0.08 093 2116 93.03 0.036 36 0999 16

1VV.2.4. Isotherm models

At explicit conditions, each adsorption system tends to control a dynamic equilibrium between
the solute sorbate located on the internal surface of the biomass and the equilibrium concentration

of sorbate in the solution. Adsorption isotherm models describe the relationship between the
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sorption capabilities of molecules removed from the solution by a unit mass of adsorbent at a
constant temperature (T = const). The parameters of isotherms often give useful information on the
adsorption mechanism, surface characteristics affinity of the sorbent. It is necessary to emphasize
the determination of the most suitable correlation of equilibrium curves for optimizing the
conditions for designing the adsorption process. In this study, eighteen models of mono and multi-

parameter are examined to analyze the experimental data.
1V.2.4.1. One- and two-parameter models

Henry’s Isotherm model [73] is considered as the simplest adsorption isotherm model with one
parametric linear regression model available at low concentration of sorbate without regard to the
surface of coverage in which all the adsorbate molecules are secluded from their closest neighbors.
The Langmuir model [74] is used to describe adsorption of dissolved molecules in solution. This
empirical isotherm supposes that the sorption is limited to monolayer; once a molecule of adsorbate
occupies a single layer, the theory of Langumuir assumes that the adsorbent surface is
homogeneous and sorption activation energy is uniform for all sites of sorbent and there is no
movement of adsorbates in the plane of the surface. There is no interaction between adsorbate
molecules on neighboring sites. The Freundlich model [73] defines the reversible and non-ideal
adsorption process and is not restricted to the monolayer sorption in which its application to the
multilayer formation is possible with a non-uniform distribution for adsorption heat and affinity
over a heterogeneous surface. The Elovich model [74] is based on the kinetic development and
supposing that the multilayer formation increases exponentially with adsorption site. The Temkin
model [73] takes into consideration the effects of indirect adsorbent-adsorbate interactive relation
on adsorption and due to these interactions the heat of the adsorbent of all the molecules in the
surface decreases linearly as a result of increase surface coverage. This model presumes that
adsorption heat (AH,gs) as a function of temperature, of all adsorbed molecules existing in the layer
declines linearly rather than logarithmically due to the surface coverage increase. The Fowler—
Guggenheim model [73] is one of the simplest isotherms allowing for the lateral interaction of
adsorbed molecules. If the interaction among adsorbate molecules is attractive, this means that the
heat during adsorption will increase with loading this is due to the fact that the increased interaction
between adsorbed molecules as the loading increases (that is W is positive), the heat. However the
interaction between adsorbate molecules is repulsive and that is due the heat during adsorption
shows a decrease with loading (that is W is negative). When there is no interaction between
adsorbed molecules (that is W = 0), this Fowler—Guggenheim isotherm will reduce to the Langmuir

equation. The Kiselev isotherm model [74] is used to explain the localized monomolecular
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layer formation of adsorbate on adsorbents at equilibrium and This model is valid when
surface coverage is greater than 0.68. The Hill-de Boer adsorption model [73] describes the
mobile adsorption and lateral interaction among adsorbed molecules. The apparent affinity is
increased with loading when there exist the attraction between adsorbed species (that is K, is
positive) and it is decreased with loading when there is repulsion among the adsorbed species (that
is K, is negative). The Flory-Huggins isotherm [74, 75] is used for understanding the nature of
surface coverage degree of the adsorbate on the adsorbent. This model describes the nature of the

adsorption process in regard to the feasibility and spontaneity of the process.

Equilibrium tests were performed under optimum conditions obtained from the model predicted.
Constants and parameters of the adsorption isotherm models as well as their associated percentage
error values are listed in Table.IV.10. As shown in Table.lV.11, Henry’s isotherm model
completely fails to predict the experimental data due to poor results showed in R? and error function
values for both CP and CP-LC. This could be due to the unavailability of sorption data in the low
sorbate concentrations. In a liquid-phase sorption system, the equilibrium data are commonly
obtained at higher concentrations, where the sorbent surfaces are almost on the verge of saturation
sites. Hence, this study supports the fact of the failure of Henry’s model at the higher sorbate
concentration range. Furthermore, high residual concentrations may suggest the applicability of an
isotherm model with a linear regression between ge and Ce at the final part of the experimental
data. This requirement could be partly fulfilled by applying the Henry’s Law model (Linear with
intercept). The addition of a constant term in Henry’s model reveals the model combines the basic
characteristics of the experimental data at the high-level concentration. A comparison of regression
constants provided the improvement in R? S2, ARE, ERSQ, HYBRID, and MPSED values by
Linear with intercept over Henry’s model. The addition of the parameter in the model ameliorates
the capability of modeling the equilibrium data. However, the applicability of the other two-
parameter isotherm models were studied. Isotherm model plots for removal of Pb (1) onto CP and
CP-LC shown in Fig. 1V.23. According to Table.lV.10, experimental data are fitted better by the
Langumir model compared to other isotherm models. Moreover, the accuracy analysis of the
Langmuir, Freundlich, Temkin, Elovich, Fowler-Guggenheim, Kiselev, Hill de Boer and Flory-
Huggins models was evaluated by the statistics of R?, 2, ARE, ERSQ, HYBRID, and MPSED. By
comparisons with other isotherm models, the high R? (0.983 and 0.981 for CP and CP-LC,
respectively) as well as the low S? (167.69 and 150.16 for CP and CP-LC, respectively), ARE
(14.52 and 13.81 for CP and CP-LC, respectively), ERSQ (1183.18 and 1065.97 for CP and CP-LC,
respectively), HYBRID and MPSED (1.86 and 1.90 for CP and CP-LC, respectively) values

confirm that the Langmuir model is more fitted to the experimental data obtained (Table 4). This
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result elucidates that the process of adsorption proceeds as a monolayer on uniform surfaces. The
maximum biosorption capacities for Pb (I) onto CP and CP-LC are 114.94, 126.58 mg/g,
respectively. The Langmuir constant value K, which is attributed to the binding energy of the active
site of biosorbents with lead ions onto CP and LC is 0.079, 0.324 L/g, respectively. The most
important characteristics of the Langmuir isotherm parameter can be used to evaluate the affinity
between the sorbate and sorbent using dimensionless equilibrium parameter or separation factor.
The value of dimensionless equilibrium parameter R, revealed important information about the
nature of adsorption. The value of R vs initial Pb (II) concentrations between 10-300 mg/L are
0.55-0.04, 0.23-0.01 for CP and CP-LC, respectively. These results indicated that the sorption
process is favorable and reversible, because (0 < R. < 1) [73]. Unlike Langumuir model, the
Elovich model exhibited lower coefficients of determination R2 (0.826 and 0.783 for CP and CP-
LC, respectively) as well as high S2(1343.81 and 3344.10 for CP and CP-LC, respectively), ARE
(26.29 and 39.34 for CP and CP-LC, respectively), ERSQ (8063.28and 20064.91 for CP and CP-
LC, respectively), HYBRID (1739.56 and 2810.75 for CP and CP-LC, respectively) and MPSED
(4.75 and 6.40 for CP and CP-LC, respectively) values. Furthermore, the values of maximum
biosorption capacity obtained for CP and CP-LC were very lower than the experimental quantity of
the sorbate on the biosorbent in the equilibrium state uptake corresponding to the plateaus of the
adsorption isotherm. This is maybe due to the fact this isotherm model describes the multilayer
sorption process indicating migration between layers. For this reason, the Elovich model is
inefficacious to describe the biosorption isotherms of Pb (Il) onto free and immobilized C.
pyrenoidosa. The n value (Freundlich model constant) indicates the factor of non-linearity between
sorbate concentration and adsorption as follows: if n < 1, then adsorption is a chemical process; if n
> 1, then adsorption is a physical process; if n = 1, then adsorption is linear [24, 25]. The n value in
the Freundlich model was found to be 2.19, 2.69 for CP and CP-LC, respectively. Since n falling
between 1 and 10, this is due to the physical biosorption of lead (1) onto CP and CP-LC. The
variation of adsorption energy br= (—AH) in Temkin isotherm model was found 1.21, 0.78 Kj/mol
for CP and CP-LC, respectively. Since the positive value of the variation indicates that the
adsorption of Pb (I1) onto the CP and CP-LC are exothermic in nature. Additionally, the low br< 8
values confirm that the interactions between the lead molecules and the biosorbents is weak and the
adsorption mechanism of lead ions can be expressed as physiosorption [74]. Moreover, it was
observed that the W values >0 (Fowler—Guggenheim model constant) and the K, values < 0 (Hill-
de Boer model constant) for removal of Pb (II) on CP and CP-LC, which validate the repulsion
between the adsorbed molecules, were w (68.210, 66.83 Kj/mol for CP and CP-LC, respectively I)
and K, (-80.72, -88.66 Kj/mol for CP and CP-LC, respectively) [73].0On the other hand, the values
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of Key (Flory-Huggins model constants) was found 0.00085, 0.00084 Kj/mol for CP and CP-LC,
respectively. This positive values indicating negative Gibbs free energy (AG = — RTInKgy), for that
reason spontaneity of the sorption process stemming from high Pb (Il) occupancy of the CP and
CP-LC surfaces. Results of the Flory model also reveal that the number of adsorbate molecules
occupying adsorption sites (ngy < 1) indicates grander than unity active zone of adsorbent materials
would be occupied by adsorbate molecules [74].In the case of Kisevel model, the equilibrium
parameter of the formation of the complex between adsorbed compounds, k, values, are negatives
for both biosorbents, which is surprising because it is an equilibrium parameter and it should be
positive. The fact of having negative values of k, (L/mg) elucidates that there is no formation of the

complex between the biosorbed molecules.

Tab.IV.1 (a)l: Isotherm constants of two-parameter models for Pb (I1) biosorption onto CP and CP-

LC
Isotherm model parameters CP CP-LC
Henry model K 0.745 0.933
R 0.800 0.700
S? 1532.84 2624.21
ARE 58.54 64.44
ERSQ 10766.94 18579.49
HYBRID 1086.40 37043.96
MPSED 62.00 178.09
Henry’s law(Linear with intercept)
A 0.446 0.529
B 40.65 51.72
R 0.808 0.764
S2 562.64 2228.89
ARE 68.54 92.73
ERSQ 3939.94 15602.24
HYBRID 1055.40 1833.52
Langmuir MPSED 4.62 4.71
Qmas (MO/Q) 114.94 126.58
K. (L/mg) 0.079 0.324
R 0.983 0.981
S2 167.69 150.16
ARE 14.52 13.81
ERSQ 1183.18 1065.97
HYBRID 249.03 216.68
Freundlich MPSED 1.86 1.90
Ke (mg/g)(L/mg)”"  12.787 24.090
n 2.19 2.69
R 0.924 0.93
S2 422.69 400.05
ARE 18.10 19.10
ERSQ 2536.15 1999.38
HYBRID 489.63 470.1
MPSED 2.74 2.81
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Tab.IV.11 (b): Isotherm constants of two-parameter models for Pb (11) biosorption onto CP and CP-

LC
Isotherm model parameters CP CP-LC
Elovich Ome (MY/Q) 39,680 32.154
Ke (L/mg) 0.341 1.896
R? 0.826 0.783
S2 1343.81 3344.10
ARE 26.29 39.34
ERSQ 8063.28 20064.91
HYBRID 1739.56 2810.75
MPSED 4.75 6.40
Temkin Ar (L/g) 1.352 5.302
br (Kj/mol) 1.21 0.78
R? 0.979 0.97
2 77.44 170.3
ARE 19.96 19.16
ERSQ 464.69 722.25
HYBRID 298.56 191.06
MPSED 1.47 2.24
Fowler—Guggenheim W (Kj/mol) 68.210 66.83
KFG (L/g) 1.720 KFG:3-67
R 0.894 0.971
2 626.38 672.15
ARE 28.309 74.10
ERSQ 3.77 4032.90
HYBRID 1234.74 1093.27
MPSED 6.35 414
Kiselev Ki(L/g) 0.2834
K, 0.102 -0.4297
R? -0.965 0.880
S2 0.864 1720.99
ARE 1069.89 83.68
ERSQ 32.46 10325.96
HYBRID 6419.36 1828.66
MPSED 2573.89 4.86
8.80
Hill-de Boer Ky (L/g) 0.172
Kq(Kj/mol) 0.054 -88.68
R -80.729 0.794
s2 0.828 1365.30
ARE 774.08 37.23
ERSQ 37.48 8191.81
HYBRID 3639.67 4022.76
MPSED 1449.43 12.43
6.07
Ney 0.220
Flory—Huggins Kew (L/9) 0.305 0.00084
R? 0.00085 0.98
S2 0.95 122.73
ARE 119.37 14.26
ERSQ 26.38 1136.42
HYBRID 1219.23 136.21
MPSED 127.52 1.83
1.67
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Fig. IV.23: Comparative non-linear plots for eight two-parameter isotherm models; (a) biosorption
of Pb (1) onto CP, (b) biosorption of Pb (I1) onto CP-LC.

1V.2.4.2. Three -parameter models

The abilities of the three parameter models, Redlich-Peterson, Sips, Koble—Carrigan, Radke-
Prausnitz, Toth, and Khan models, to model the experimental biosorption data were tested. All
These models have been derived from the Langmuir and Freundlich models. The Redlich-Peterson
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isotherm [73] combines the features of these two models, and the mechanism of adsorption process
is a hybrid and does not follow ideal monolayer adsorption. This isotherm can be applied for both
homogeneous and heterogeneous systems. Sips isotherm [73, 74] proposed an expression that
combines the Freundlich and Langmuir models. This produces an equation that exhibits a finite
limit at sufficiently high concentration. This isotherm is available for predicting the heterogeneous
adsorption process and localized adsorption without interaction between adsorbate/adsorbate. The
Koble-Corrigan model [74] is generally applied for heterogeneous adsorbent surface. This model is
valid only when ng>1 that is due the model which is able to describe the experimental data. Radke-
Prausnitz isotherm [73] is simple yet powerful mathematical model for most adsorption systems at
low adsorbate concentrations; this model reduces to a linear isotherm, while at high sorbate
concentration it becomes the Freundlich model and when, it becomes the Langmuir isotherm.
Another characteristic of this isotherm is that it gives a best fit over a wide range of sorbate
concentration. Toth isotherm [73, 74] is an empirical modified form of the Langmuir expression;
aiming to reduce the error between the value of both the experimental and predicted points. Mainly,
this isotherm is used for the description of heterogeneous adsorption process; satisfying the low and
high concentration of sorbate. Khan isotherm [75] is a generalized model suggested for the
adsorbate adsorption from pure dilute equation solutions development of this model was made for

both single and multicomponent adsorption.

The equilibrium data were examined according to the nonlinear regression of three parameter
models. Table.IV.12 shows the isotherms parameters and worse fits of CP and CP-LC. The
prediction of adsorption isotherms of Pb (Il) onto CP and CP-LC show in Fig. 1V.24.From the
analysis of all tested isotherm models of three parameters and based on the error values, the
isotherm model can be arranged according to their efficiency in predicting the equilibrium data. For
Pb (11)-CP system: Sips> Radke-Prausnitz> Toth > Khan> Koble—Carrigan> Redlich—Peterson. In
the case of Pb (II)-CP-LC system: Koble-Carrigan> Radke-Prausnitz > Khan> Sips>Redlich—
Peterson > Toth. The values of g (Redlich—Peterson model constant), ns (Sips model constant), ng
(Radke—Prausnitz model constant), nt (Toth model constant) and ax (Khan model constant)
obtained using Redlich-Peterson, Sips, Toth, Radke—Prausnitz and khan models are near than unity,
which means that the adsorption processes reduce to the Langmuir isotherm. This implies that the
adsorption already predicted to be on homogeneous surfaces is also confirmed by the Koble-
Corrigan isotherm model. This model defines the validity or otherwise of a system. nkx> 1, imply a
valid adsorption system, while nk < 1 signifies the models' inefficiency in defining the experimental
data, despite the results from other goodness-of-fit adjudging criteria (correlation coefficient or low

error value). This is due to the fact this isotherm model describes the heterogeneous surface.
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Tab.IV.12: Isotherm constants of three-parameter models for Pb (11) biosorption onto CP and CP-

Isotherm model Parameters CP CP-LC
Redlich—Peterson Kg (L/g) 18 Kgr =35
ar (L/g) 0.682 ar=0.4
bgr 0.690 bgr=0.9
R? 0.955 0.990
S2 251.24 69.16
ARE 16.93 6.51
ERSQ 1256.12 334.83
HYBRID 289.36 75.33
MPSED 1.95 0.90
Sips Oms (MQ/Q) 117.1 123
Ks(L/g) 0.086 0.2
ns 1.059 1.1
R2 0.992 0.980
S2 37.71 86.78
ARE 7.16 11.96
ERSQ 193.58 434.94
HYBRID 61.878 135.28
MPSED 1.13 1.95
Koble-Carrigan
Ak (L/g) 11.60 35
Bk (L/g) 0.11 0.3
Nk 1.02 1.1
R? 0.987 0.992
32 82.82 42.33
ARE 11.77 6.06
ERSQ 414.14 211.66
HYBRID 137.56 60.83
MPSED 1.62 0.5
Radke-Prausnitz 0m (M0/Q) 333.33 308.33
Kge (L/9) 0.0187 0.93
ng 1.2 1.1
R? 0.994 0.992
S2 37.9 45.67
ARE 7.52 6.12
ERSQ 182.89 228.35
HYBRID 64.39 67.48
MPSED 1.13 0.51
Toth Omk (MY/Q) 118 123
k. (L/g) 0.096 0.264
N 0.90 0.95
R? 0.991 0.98
S? 38.435 324.49
ARE 8.95 19.95
ERSQ 269.04 1123.91
HYBRID 65.63 412.45
MPSED 1.13 3.34
Khan OmkH (MY/Q) 107 121.84
ben (L/g) 0.091 0.4
akH 0.95 0.97
R? 0.991 0.993
s2 39.58 54.75
ARE 9.97 6.36
ERSQ 187.93 233.78
HYBRID 68.066 69.75
MPSED 1.50 0.57
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Fig. IV.24: Comparative non-linear plots for six three-parameter isotherm models; (a) biosorption
of Pb (1) onto CP, (b) biosorption of Pb (II) onto CP-LC.

1V.2.4.3. Four- and five-parameter models

Among the four and five parameter models considered in the present study to modeled the
experimental data, Baudu, Fritz-Schlinder model (1V), Fritz-Schlinder model (V). Baudu
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model [73] has been developed mainly due to the arise of discrepancy in determining
Langmuir parameters and coefficient from slope of tangent over a wide concentration
range. This isotherm is valid in the range of (1+x +y) < 1 and (1+x) < 1. Fritz-Schliinder model
(1V) Fritz-Schlinder model and (V) [73] are developed for the aim of simulating the
model variations more accurately for application over a wide range of excremental data.
The equilibrium data were modeled according to the nonlinear regression of the four and five
parameter models. Fig. 1V.25 depicts the predict curves of four and five parameter isotherm for CP
and CP-LC.

Analyzing the results of four and five parameter model represented in Table.IV.13, it can be
observe that the Fritz-Schlinder (V) isotherm model is the best to fit the experimental data of Pb
(1) biosorption onto both CP and CP-LC. Indeed, this isotherm model shows a relatively high error
values R? (0.996 and 0.997 for CP and CP-LC, respectively) and the lowest other error function
values S? (27.40 and 10.40 for CP and CP-LC, respectively), ARE (5.00 and 2.53 for CP and CP-
LC, respectively), ERSQ (137.02 and 50.02 for CP and CP-LC, respectively), HYBRID (47.71 and
11.68 for CP and CP-LC, respectively) and MPSED (0.75 and 0.44 for CP and CP-LC,
respectively).This improvement is due to the increase in number of constants, which can perform a
more accurate simulation of model variations for representation over a wide range of experimental
results. Based on that and in order to give a goodness fit to the experimental data, we have
modified the equation of Fritz-Schliinder (V) model. For this reason, we propose to introduce other
constants which improved the fit of experimental data.  The formula of the modified Fritz-

Schlinder (V) model (seven parameters) that we have developed is expressed as follows:

_ AmrssKrs1CHt + a
Qe = 1 (Kps, CVZ + B)

The constants o and 3 are considered as correction coefficients. These coefficients are added to the
equation of the Fritz-Schlinder (V) that takes into consideration the experiment errors. Kgs; and
Krs2 are the modified Schlinder (V) model parameters; M; and M, are the exponents of the
modified First-Schliinder (V) equation. According to Table. V.13, it is evident that the R? values
have increased and error values decreased by using the modified First-Schliinder (V) equation, and
the values of error functions are reduced compared to that of all other models studied for
biosorption of Pb (I1) onto CP and CP-LC. Fig. 1V.26 shows the curves of the nonlinear regression
of experimental data as well as the modified Schlinder (V) for CP and CP-LC. As observed, the
curve of the nonlinear regression of the modified First-Schlinder (V) equation depicts a good
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approximation between experimental and predicted data compared to the other model. Therefore,

the m First-Schlinder (V) model shows a better representation of these experimental data.

Tab.IV.13: Isotherm constants of multi-parameter models for Pb (I1) biosorption onto CP and CP-

LC.
Isotherm model parameters CP CP-LC
Baudu Qmb (MY/Q) 108 125
by (L/g) 0.09 0.32
X 0.001 0.001
Y 0.1 0.1
R? 0.992 0.994
S? 37.28 78.9
ARE 8.00 9.08
ERSQ 186 394.53
HYBRID 715 108.27
MPSED 1.37 1.33
Fritz-Schluender (1V) C (L/g) 10 29.5
D (L/g) 0.09 0.25
M, 0.95 0.9
M, 0.881 0.89
R? 0.995 0.996
2 43.38 51.38
ARE 6.89 6.77
ERSQ 218 295.83
HYBRID 68.67 71.77
MPSED 1.10 1.12
Fritz-Schluender (V) Omes (MQ/Q) 108 123
Kest (L/9) 0.094 0.26
Kesz (L/9) 0.0881 0.25
M, 0.95 0.9
M, 0.881 0.89
R? 0.996 0.997
S2 27.40 10.40
ARE 5.00 2.35
ERSQ 137.02 50.02
HYBRID 47.71 11.68
MPSED 0.75 0.44
modified-Schluender (V)  quss (M0/g) 108 123
Kes: (L/g) 0.094 0.26
Kesa (L/g) 0.0881 0.25
M, 0.95 0.95
M, 0.881 0.881
a 0.99 -1
R 0.00 0.1
R? 0.999 0.999
S? 4.20 7.62
ARE 2.50 2.26
ERSQ 21.25 38.02
HYBRID 9.5 8.61
MPSED 0.49 0.3
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Fig. IV.25: Comparative non-linear plots of four and five parameter isotherm models; (a)

biosorption of Pb (I1) onto CP, (b) biosorption of Pb (I1) onto CP-LC.
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IV.2.5. Regeneration study

For wide-scale application, reusability and regeneration are the vital biosorbent proprieties, since
the ability to reutilize a biosorbent is a crucial factor for the decontamination operation from the
economic point of view. The desorption experiments present in Fig. 1V.27 show that the H,SO,4
and HCI recovered about 99% and 95% of Pb (Il) adsorbed on the biosorbent surface, respectively.
Tap water, de-ionized water and NaOH indicated low desorption ratio of 14.04%, 30.07% and
49.5% of Pb (Il) adsorbed on the immobilized C. pyrenoidosa surface, respectively. The study
indicated that Pb (I) ions accumulated onto the CP-LC could be desorbed and maximum ratio
recovery of Pb (I1) ions was 99% with 0.1 M H,SO4. The hydroxyl and carboxylic groups in the
CP-LC made it amenable to easy regeneration and desorption with the acid solutions [13].
Therefore, Sulfuric acid solutions were selected as desorption reagents for removing Pb (I1) ions
from the immobilized C. pyrenoidosa surface. According to Table.IV.1, the results for the
adsorption/desorption cycle elucidated that CP-LC could be reused up to five times without
significantly change. Therefore, the prospects of CP-LC are good for practical applications of
removing lead ions from queues solutions.

100,00

90,00
80,00
70,00
60,00
50,00
40,00
30,00
20,00
- .
0,00

H2S04 HCI NaOH De-ionized water tap water
Desorption agents

removel ratio %

Fig. IV.27: Desorption of Pb (I1) ions adsorbed on CP-LC.
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Tab.IV.14: Adsorption, desorption and desorption/ reloading ratio of Pb (1) in five seductive

cycles.

Number of cycles Adsorption (mg/g) Desorption (mg/g) Desorption ratio % Reloading ratio %

1 9.96 9.95 99.98 -

2 9.81 9.72 99.00 98.50
3 9.77 9.73 99.59 98.09
4 9.69 9.67 99.79 97.28
5 9.62 9.48 98.54 96.58

1V.2.6. Comparison of immobilized C. pyrenoidosa with other biosorbents

The biosorption removal capacities of different biosorbents towards lead ions as documented in
literature have been mentioned in Table.IV.15. A comparison between this research and other
documented data from the literature [76-37] elucidate that CP-LC a better biosorbent for Pb (1I)
compared to other biosorbents. Thus, it could be concluded that the CP-LC biomass has a

significant potential for the removal of lead ions from an aqueous solution.

Tab. IV.15: Comparison of the maximum biosorption capacity of immobilized chlorella

pyrenoidosa in Luffa Cylindrica for Pb (I1) with other biosorbents.

Biosorbents ~ Qmax (mgPb** pH Biosorbent  Contact Temperature References
g9/g9) concentration dosage time ©
(mg/L) (9/L) (min)
Oryza sativa L. 5.69 10-200 - 20.0 120 30.0 [76]
husk
Cladonia 12.30 10-400 5.0 8.0 60 20.0 [77]
furcata 13.7 10-300 5.0 10.0 - 25.0 [78]
Almond shell
Eichhornia 26.32 10-6 4.84 2.0 180 30.0 [79]
crassipes
Pine bark 76.8 50-1000 5.0 5.0 240 40.0 [79]
Neem Bark  83.33 5-100 5.0 7.5 60 30£20 [80]
Sawdust 88.49 5-100 5.0 7.5 60 30.0+2.0 [80]
Ponkan peel 1121 1-15(mM) 5.0 - 60 25.0 [81]
CP 108 10-300 5.0 1.0 15 25.0+0.5 Present study
CP-LC 123 10-300 5.0 1.0 15 25.0+0.5 Present study

IV.2.7. Application the optimum conditions in industrial sample (Hassi R’mel)
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The industrial sample has brought from the waste water of Hassi R’mel, laghouat, algeria. The
optimum conditions (pH, time, temperature and adsorbent dose) which applied in the aqueous
solutions have been applied in this experiment. The adsorption of lead was (gmax= 46 mg/g, R=
37%). The percentage of lead elimination in the real sample was lower than the aqueous solutions,
maybe because of the real sample contained a crude oil, which led to the overlap of another factor
to compete for binding to the active sites of the adsorbent surface with a lead [82]. also found that
the wastewater produced by the petroleum industry and the processing of crude oil characterized by
high levels of crude oil products and other product chemicals. The effect of a different pollutant
concentration if the coexisting pollutant competes or forms a complex with a target contaminant for
the binding sites, a higher concentration of another pollutant will reduce the biosorption removal of
the target pollutant [83]. Most studies indicate that, because of their chemical structure, the removal
potential of heavy metal ions from vegetal biomass residues is greater than other natural waste.
Vegetal biomass Fibers are lignocellulose compounds made up of three essential components:
cellulose (40-5%), hemicellulose (20-35%) and lignin (15-35%) [84]. Lignin is the most significant
component and has complex chemical components within the CP-LC waste material, since it is a
three-dimensional polymer of C-C or C-O-C bound phenyl propane units. The elementary
composition therefore has a high carbon (62% by weight) and lower oxygen (32% by weight). A
higher number of carbon atoms typically are related to a lower polarity and hence a greater
absorption potential and lignin is very influential on the absorption process due to its large number
of carbon atoms. For this reason, the ideal adsorbent for absorption techniques is a lignocellulosic
material [85].
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Conclusion

Biosorption is a relatively new process that haswshsignificant contribution for the removal of
contaminants from aqueous effluents. Luffa cylindrbiomaterial has received increasing attention
for the heavy metal removal due to their good penénce, low cost and large available quantities.
The functional groups present in the surface olLilféa cylindrica biomaterial haveome affinity in
general for heavy metal ionhe potential of luffa cylindrica (LC) for the rewal of Pb (I1), Zn (l1),

Cu (Il) and Cr (VI) ionsfrom aqueous solutions was dependent on biosorpiocess such as pH,
initial Pb (ll), Zn (1), Cu (II) and Cr (VI) iongoncentration, biosorbent dose, contact time, and
temperature. The aqueous pH is found to be aariiarameter in the biosorption processes, with
an optimum pH being 5.0 in all the cases excephéxavalent chromium the pH was found 2. The
increase in the biosorbent dosage leads to an aseren the metal removal owing to the
corresponding increase in the number of metal hipdites. In addition, the LC biomaterial exhibit
good biosorption capacities in was in terms ofltbtasorption capabilitiesThe efficiency ofZn

(I, Cu () and Cr (VI)removal was over 75% because of the concentraticihe wastewater
except for lead ions did it remain lower than 25féspite high concentrations of this metal in the
wastewater. For this reasamew biosorbent has been prepared by the immotidizaf chlorella
pyrenoidosa in luffa cylindricéAccording to the experimental results, the optintemperature of
solution, pH, biosorbent concentration, contactetigind initial lead ions concentration were
determined as 298 K, 5.0, ILg 40 min and 300 mg/L, respectively. The maximummsbrbent
capacity ¢e) and biosorption yield of Pb (Il) were obtainedirid to be 123 nig and 41.36%,
respectively, at the optimum conditions. The bipton data werestudied and modeled using
eighteen well-known isotherm models. From the agialgf all tested models and the knowledge of
the most principal parametersy(qR?, and error values), the isotherm model shoat the
goodness-of- fit was obtained using the five-patammodel of Fritz—Schluender (V) compared to
the other model. Taking into account the outcome twefficients added to equation Fritz—
Schluender (V) for reducing the error between tkgeemental and predicts data. The results of the
fulfillment of this new mathematical model haversfigantly improved an approximation of the
experimental data than Fritz-Schltiinder (V) isothefiis study elucidates that the adjustment of
more parameters provides a better fitting of thaldgjium isotherms

Taking into consideration present findings, thefdufcylindrica and chlorella pyrenoidosa
biomaterials, being cheap and easily available nadse could be an alternative to more costly

adsorbents used really for heavy metals removakistewater treatment processes.
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Error values of some models studied

Annex 1: Error values of Hennery model of biosarptof lead onto CP.

C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD

10 0,87 9,2 40,388803 31,18880839008728 21,178803 24,0844383%9631461
25 297 21,22 41,327293 20,10729894756329 10,117293 9,7829594052367191
50 10,2641,02 44585194 3,565194 0,08691355 5,565794 085800,00639418
100 21,7378,25 49,711137 28,538868,3647139 38,539863 16,383988632958386
150 53,7396,83 64,011937 32,818068,33892454 22818063 16,825380526284756
200 97,81101,68 83,711289 17,968710,17671824 27,9345711 3,85700169D4607505
250 146,6104,57 105,51554 0,94554  0,00904217 1,55554 0,124 8,03020809
300 193,2108,04 126,34108 18,30108 0,16939171 38,30188085092%167 0,02098284

Annex 2: Error values of Hennery model of biosaptof lead onto CP-LC.
C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD
10 0,31 989 0,11375 10,18625 0,987768828625 741,865398,7582418
25 0,93 24,15 0,40625 12,09376 0,98194409375 1201,5601 5,3846154
50 2,6 46,91 1,7875 27,2125 0,95416687,2125 774,69659P,8181818
75 11,03 89,91 4,7125 31,5775 0,8975548H2875 361,731068,76127321
100 36,29 113,23 7,6375 36,3657 0,8558961533625 269,428005,93944354
150 82,79 118,35 15,405 29,785 0,720923%795 102,8005212,58325219
200 131,23 121,08 23,075 14,125 0,60215547925 52,86048211,5135428
300 175,9 123,67 38,8375 42,1725 0,363312@71625 12,646962%,57064693
Annex 3: Error values of Languimir model of biostoop of lead onto CP.

C Ce Qexp Qcal S? ARE ERRSQ HYBRID MPSD
10 0,87 9,2 7,39191719 11,8080828]119653074 1,80808281 12,12308280,24460269
25 297 21,22 21,8436628 10,6236628029390330,62366285 1,71266285 0,0285512
50 10,26 41,02 51,4570729 10,4370729 0,254438604370729 9,7854729 0,20283068
100 21,73 78,25 72,6321133 5,61788674 0,071798(R 788674 4,56788674 0,07734715
150 53,73 96,83 93,0260358 13,803964203928498 3,80396421 1,12396421 0,04089139
200 97,81 101,68101,771136 10,0911358@,0008963 0,09113582 3,0986635820008955
250 146,6 104,57105,806133 1,23613277 0,0118211 1,23613277 2,23613D,011683
300 193,2

108,04107,874213 10,1657866@,00153449 0,16578661 2,16578661 0,00153685
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Annex 4: Error values of Languimir model of biostoop of lead onto CP-LC.

C Ce Qexp Qcal S? ARE ERRSQ HYBRID MPSD
10 0,31 9,89 5,498376593,801623410,408776711,887768821,867474110,47804549
25 0,93 24,15 16,01431766,485682410,288252552,981944441,6096431 0,16401912
50 2,6 46,91 37,657007711,342992290,0344357 5,95416664,2135452 0,00127191
75 11,03 89,91 49,99049283,990492770,086749842,897554355,343522  0,00637204
100 36,29 113,23 54,14058581,140585290,021520483,85589623,5435483  0,00044382
150 82,79 118,35 58,05585282,855852620,051736464,720923916,531483580,0024198
200 131,23 121,08 59,46124  11,4612400025193795,602155173,566459480,00060391
300 175,9 123,67 60,65820010,341799720,005603275,363319674,4566499 3,17520005
Annex 5: Error values of Freundlish model of bigamn of lead onto CP.
C Ce Qexp Qcal S? ARE ERRSQ HYBRID MPSD
10 0,87 9,2 12,00056982,408776710,30440976 3,34566978 6,8056978  0,2333697:
25 2,97 21,22 21,01444851,288252550,00968669 2,2089949  4,9845149  0,00978144
50 10,26 41,02 36,99864063,0344357 0,09803412 3,0980594 2,9856594  0,1086893
100 21,73 78,25 52,107421 12,126749883409047 16,179879 21,172579  0,5017054C¢
150 53,73 96,83 78,758451#1,121520480,18663171 38,071780863,0968546 0,22945536
200 97,81 101,68 103,51686B1,1515946 0,01806514 1,98908701 1,09658321 0,@bB/4
250 146,6 104,57 124,51055 11,949519399069093 17,940792  18,565502  0,1601514€
300 193,2 108,04 141,22262P1,5560327 0,30713275 36,0721 13,8695221 0,2349667
Annex 6: Error values of Freundlish model of bigaimn of lead onto CP-LC.
C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD
10 0,31 9,89 12,9726348,9866882 0,39490698,67263494 1,03974616,08014919
25 0,93 24,15 19,3473093,6985444 0,14011958,15269068 3,51373858,02655349
50 2,6 46,91 30,8080858,6916667 0,21004908,19191417 2,17824170,07070357
75 11,03 89,91 41,7696068,968635 0,09196508,23039351  4,42845099,01025748
100 36,29 113,23  48,60781956996623 0,08287133,39218046 5,39687548,00816485
150 82,79 118,35 60,58780657964391 0,097605195,38780659 1,47911389,00790776
200 131,23 121,08 68,7837664950917 0,1859270110,7837664 1,69065498,02457927
300 175,9 123,67

80,9998758096719670,3278668219,9998759194,938217870,06096575
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Annex 7: Error values of Sips model of biosorptafiead onto CP.

C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD

10 0,87 9,2 8,20385776,8056978 0,10827638,99614224  3,40877671 0,12142364

25 297 21,22 22,6691103,9845149 0,06828984,44911006  2,28825255 0,06392444

50 10,26 41,02 51,06594321,9856594 0,244903540,0459432  3,0344357 0,19672491

100 21,7378,25 71,524851121,172579 0,0859443%,72514888  1,12674984 0,09402535

150 53,7396,83 92,089295911,0968546  0,04895904,74070413  3,12152048 0,05147943

200 97,81101,68 101,41577313,09658321 0,00259860,26422675 8,1515946 0,00260538

250 146,6104,57 105,89435311,565502 0,01266474,32435261  3,94951939 0,01250636

300 193,2108,04 111,25129212,8695221  0,00195568,21129214 2,5560327 0,00195187

Annex 8: Error values of Sips model of biosorptadriead onto CP-LC.

C Ce Qe Qcal S? ARE ERRSQ HYBRID MPSD

10 0,31 9,89 9,3110077 5,6056978  0,05854329789923 2,03600389,06218363

25 0,93 24,15 23,8036303,9845149 0,01434248,14636952 2,00504000,01455112

50 2,6 46,91 48,9224654,8856594  0,04290054,11246543 3,0827844 0,04113581

100 11,03 89,91 90,97566791,172579  0,01185261,06566792 2,01248299,01171377

150 36,29 113,23112,44632711,1968546 0,00692107,17836727 1,00546169,0069693

200 82,79 118,35119,5524 12,0965832D,0101597 1,120240042,012093160,01005752

250 131,23121,08 121,80780910,125502  0,00601098,3278094  1,004348710,00597506

300 175,9 123,67122,82325812,8695221 0,00684678,1846741571,005837420,00689398

Annex 9: Error values of Khan model of biosorptaiiead onto CP.

C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD
10 0,87 9,2 7,344808604,8551913960,201651243,9866882 1,8056978 0,06379938
25 2,97 21,22 21,507247923,28724793 0,01353668,6985444 1,9845149 0,00017838
50 10,26 41,02 49,98562028,96562021 0,21856703,6916667 0,9856594 0,03217144
100 21,73 78,25 70,3876146K8623853490,100477772,968635 1,172579 0,01247717
150 53,73 96,83 91,19948508,6305149380,058148461,6996623 1,0968546 0,00381164
200 97,81 101,68101,42856255,2514374770,002472832,7964391 1,09658321 0,00145223
250 146,6 104,57106,95430372,38430375 0,02280103,950917 0,565502 0,00049697
300 193,2 108,04110,22071072,18071075 0,02018428,09671967 1,8695221 0,00039144
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Annex 10: Error values of Khan model of biosorptaiiead onto CP-LC.

C Ce Qexp Qcal S2 ARE ERRSQ HYBRID MPSD

10 0,31 9,89 9,360931185 1,52906880553495330,180569781,02990235 0,00319438
25 0,93 24,15 24,417133 3,267133 0,0110604198451492,00292254 0,00011969
50 2,6 46,91 50,5661618  3,6561618 0,0779329298565941,264357 0,00522794
100 11,03 89,91 93,58036529 3,67036529 0,0408226672579 1,14395735 0,00153833
150 36,29 113,23 115,8493833 2,61938333 0,023133B968546 2,05922491 0,00051122
200 82,79 118,35 124,1508452 5,80084518 0,049014396583211,27103968 0,00218315
250 131,23 121,08 127,2859624 6,20596244 0,0512850665502 2,3025783 0,00237715
300 1759 123,67 128,9210846 5,25108458 0,042460086952211,21388192 0,00165901

Annex 11: Error values of Fritz—Schluender (1V) rabdf biosorption of lead onto CP.

C Ce Qexp Qcal S? ARE ERRSQ HYBRID MPSD

10 087 9,2 10,281641®,00816416 0,11756974 0,0816416 1,0816416 0,10520126
25 297 21,22 23,4941498,27414982 0,10717011 0,27414982 2,27414982 0,09679643
50 10,26 41,02 49,0455156,02551563 0,19564885 0,02551563 8,02551563  0,16363404
100 21,73 78,25 78,2052340,04476506 0,00057208 0,04476506 0,04476506  0,0005724
150 53,73 96,83 89,0131980,81680195 0,08072707 0,81680195 7,81680195 0,08781621
200 97,81 101,68 99,4288280,251171880,022139770,25117188 2,25117188 0,02264104
250 146,6 104,57 104,843670,27367857 0,002617180,27367857 0,27367857  0,00261035
300 193,2 108,04 107,871866,16813534 0,001556230,16813534 0,16813534 0,00155866

Annex 12: Error values of Fritz—Schluender (1V) rabdf biosorption of lead onto CP-LC.

C Ce Qex Qcal S2 ARE ERRSQ HYBRID MPSD
10 0,31 9,89 9,2882171 0,6017829 0,0608416d017829 0,03898941,006478993
25 0,93 24,15 22,0084576,1415424 0,0886767 2,1415424 0,2083837 0,0973054
50 2,6 46,91 43,2318668,678133520,0784083 3,6781335P,312932730,08507922
100 11,03 89,91 80,7055725,2044275 0,10237379,2044275 1,04976008,11404947
150 36,29 113,23 103,333901,896098880,087398219,896098880,947731310,09576817
200 82,79 118,35 115,011698351111 0,02830588,3587950 0,0975866 0,00291304:
250 131,23 121,08 120,69809H08785 0,00891972,0889707 0,00972 0,009

300 175,9 123,67 123,8596 0,677854  0,005410@709658 0,00364959,00544715
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Annex 13: Error values of Fritz—Schluender (V) miaafebiosorption of lead onto CP.

C Ce Qexp  Qcal S? ARE ERRSQ HYBRID MPSD

10 0,87 9,2 8,23873034 0,96126966104485830,0961269660,96126966 0,0011667692
25 297 21,22  21,8669058 0,6469050M30485660,0646905760,64690576 0,002958378
50 10,26 41,02  48,2146742 7,1946742 0,1753943 o6/ 1,1946742 0,014922167
100 21,73 78,25 67,9642014 10,285798831447910,2857986 0,287986 0,015134142
150 53,73 96,83  89,4028144 7,42718339/6703350,42718555 0,942718558,008307552

200 97,81 101,68 100,12725 1,5527490815270950,55274973 0,955274978,001550776

250 146,6 104,57 105,699153 1,1291532 0,0107980@91532 01291532 0,001068271
300 193,2 108,04 108,813455 0,7734532807158970,77345528 0,77345528 0,00710808

Annex 14: Error values of Fritz—Schluender (V) miaafebiosorption of lead onto CP-LC.

C Ce Qexp  Qcal S? ARE ERRSQ HYBRID MPSD

10 0,31 9,89 10,411552  0,5215519/05273529 0,196126966 0,02612641 0,0050093
25 0,93 24,15 24,4585857 0,3085857 0,01277788 69X¥6 0,00389332 0,01261666
50 2,6 46,91 47,3754203 0,46542000992156 1,31946742  0,00457233 0,0098240
100 11,03 89,91 86,3598935 3,550106493948511 0,1287986 0,14593876 0,0411082
150 36,29 113,23 109,082523 4,147476903662878 0,1942718556,15769314 0,003802146
200 82,79 118,35 118,06403 0,285970380241631 0,1955274973,00069267 0,00242216
250 131,23121,08 121,376421 0,2964209%400244814 012291532 0,00072391 0,0024421
300 175,9 123,67 123,032561 0,6374386 0,0051543327845528 0,00330261 0,00518106

Annex 15: Error values of modified Fritz—Schluen@éy r model of biosorption of lead onto

CP.
C CE Qexp Qcal S? ARE ERRSQ HYBRID MPSD
10 0,87 9,2 9,1557963P,0520368 0,00480479,028989470,044203680,000482794
25 2,97 21,22 22,6674588,004474580,068212010,020838370,447458810,006385625
50 10,26 41,02 45,00003  2,0888500)097025840,012932730,9899384 0,08844444
100 21,73 78,25 78,2000003,150060010,000638980,089760050,293568470,000063939

150 53,73 96,83 97 ,33333  0,24567704€01755650,947731310,1874398 0,00175258
200 97,81 101,68 100,68511(,094882880,009784450,097586960,994882880,000988113
250 146,6 104,57 105,814938084933460,011905260,00972 0,2449334®,0117652

300 193,2 108,04 108,906449,586642890,008019520,003649590,8664289 0,007095572
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Annex 14: Error values of modified Fritz—Schluen@éy model of biosorption of lead onto

CP-LC.

C Ce Qexp  Qcal 2 ARE ERRSQ HYBRID MPSD
10 031 9,89  9,2882171 0,6017829 0,06084060298947  0,0389894D,00647899
25 093 24,15 220084576  0,1415424 0,0886767 08®R22 0,2083837 0,00973054
50 2,6 46,91  43,2318665  0,6781335D784083 0,0293273  0,3129321300085079
100 11,03 89,91  80,7055725  0,2044275 0,10237G2976005 1,04976008,00140497
150 36,29 11323 103,333901  0,8960988887398210,02773131 0,94773130,00576817
200 82,79 118,35 112409699  0,9403008P50192660,067696  0,31391576,00284509
250 131,23 121,08 115763791  0,316208%843906580,00972  0,2441357 0,0959229
300 1759 123,67 117,438713  0,231287M050386410,00564959 0,3306315 0,005991
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Abstract
In this study, Luffa Cylindrica (LC) fibers havedreused as a new biological adsorbent for remafval o
Pb (1), Zn (II), Cu (Il) and Cr (VI) ions from petleum wastewater of Hassi R'mel, Laghouat, Algeria
This biosorbent was analyzed X-ray diffraction, redag electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM / EDS) and nefiaspectroscopy (IR) and thermogrtvimetric
analysis (TG —DTG). At optimal condition, the maxim ions biosorption onto LC fibers were found to
be 8.9, 4.67, 3.9 and 5.91 mg/g for Pb (ll), Zn, @u (II) and Cr (VI), respectively.This resultsosved
that biomaterial is effective in removing Zn (IQu (11) and Cr (VI) ions from petroleum wastewaleit
it's not sufficient for eliminate all Pb (ll) exish the industrial wastewater of Hassi R'mel. Fbist
reason, newly biosorbent was developed from unitzll green microalgal Chlorella pyronoidosa
immobilized in Luffa Cylindrica (CP-LC) for removalf lead ions. The maximum biosorbent capacity
and biosorption yield of Pb (Il) were obtained fduto be 123 migg and 41.36%, respectively. In the
experimental design of the Pb (ll) removal processw mathematical model was developed for
predicting the equilibrium data. The results of thHillment of this model have significantly impved
an approximation of experimental data with (R2=0)@nd very low error values. The calculated
thermodynamic factorsAG®, AH®, AS®) indicated that the all bioprocesses were speotas and
exothermic. Finally, our results suggest that ttadive and immobilized luffa Cylindrica-assisted
adsorption method have a high capability to rentbeeheavy metals from industrial waste water.
Keywords: Algal, luffa Cylindrica, biosorption, kinetics, nieematical model, industrial water.

Résumé
Dans cette étude, les fibres de Luffa Cylindric€)lont été utilisées comme nouvel adsorbant biglogi
pour I'élimination des ions Pb (ll), Zn (), Cu)(et Cr (VI) des eaux usées pétrolieres de HasseR
Laghouat, Algérie. Ce biosorbant a été analyséfiaction des rayons-X, microscopie électronigue
balayage couplée a la spectroscopie des rayonsdi$persion d'énergie (MEB/EDS), spectroscopie
infrarouge (IR) et I'analyse thermogravimétriqueG(T-DTG). Dans des conditions optimales, la
biosorption maximale des ions sur les fibres de 4'€st avérée étre de 8,9, 4,67, 3,9 et 5,91 nmigRb
(1), Zn (11), Cu (Il) et Cr (VI), respectivemen€es résultats ont montré que le biomatériau extaetf
pour éliminer les ions Zn (1), Cu (ll) et Cr (Vfes eaux usées pétrolieres mais qu'il n'est péisanitf
pour éliminer tout le Pb (II) existant dans les»asées industrielles de Hassi R'mel. Ainsi, unveau
biosorbent a été développé a partir de la micraalgerte unicellulaire Chlorella pyronoidosa
immobilisée dans le luffa Cylindrica (CP-LC) pouélimination des ions plomb. La capacité de
biosorption maximale et le rendement de biosorptierPb (1) ont été obtenus a 123 mg/g et 41,36 %,
respectivement. Dans la conception expérimentalgrdaessus d'élimination du Pb (II), un nouveau
modeéle mathématique a été développé pour prédiredenées d'équilibre. Les résultats de la rémlisat
de ce modéle ont considérablement amélioré unegippation des données expérimentales avec un (R2=
0,999) et des valeurs d'erreur trés faibles. Letefas thermodynamiques calcul@ss(, AH®, AS°) ont
indiqué que tous les bioprocédés étaient sponetngsothermiques. Enfin, nos résultats suggeremtaju
méthode d'adsorption assistée par luffa Cylindnagve et immobilisée a une grande capacité a gdimi
les métaux lourds & partir des eaux usées indilstrie
Mots clés :Algue, luffa Cylindrica, biosorption, cinétique paiele mathématique, eau industrielle.
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