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ABSTRACT

Heavy metals impose a potential threat against the aquatic environment. Lead (Pb*) and chromium
(Cr*) are some of the most prevalent toxic cations in wastewaters. In this study, two species of
brown seaweeds Hydroclathrus clathratus and Cystoseira barbata were examined to remove Pb* and
Cr* ions from aqueous solution. The parameters that affect the biosorption equilibrium capacity
and kinetics such as biomass dosage, pH, initial metal concentration, and reaction time were studied
at room temperature. Results revealed that both metal ions uptake was increased progressively
with increasing contact time, pH value, and sorbent dosage. The biosorption capacity was reduced
with increasing concentrations of both metals. Maximum biosorption efficiency was achieved at
120 min, pH 5, and 10 g L. The pseudo-second-order equation displayed good agreement with
Pb* and Cr* biosorption data. The equilibrium data of Pb* and Cr* biosorption were success-
fully correlated to the Langmuir equation under the trial parameters. The Langmuir maximum
uptakes of Pb* and Cr* biosorption are 4.97, 7.19 mg g™ on H. clathratus and 4.61, 7.30 mg g™ on
C. barbata, respectively. The results obtained indicated that these seaweeds provide an eco-friendly

alternative sorbent biomaterial for metal removal from contaminated water.
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1. Introduction

A major ecological concern which necessitates adequate
treatment and extensive study is the release of hazardous
metal pollutants into water bodies [1,2]. Owing to their
extremely poisonous impact on human health and the
ecosystem, environmentalists are extremely interested in
wastewater remediation technology [3,4]. In recent decades,
industrial developments, such as mining, fertilizers, pes-
ticide residues, paper, electronic, heating, and melting
process, have directly led to the discharge of huge quan-
tities of toxic metals into water resources, thus increasing
water pollution and causing its scarcity [5,6].

* Corresponding author.

Industrial and agricultural activities and poorly con-
structed drainage systems in Egypt are considered the
main sources of pollution [7]. Level of metals in the water
body and sediment of the River Nile in Egypt are greater
than the permissible limits according to “the Egyptian
General Authority for Standards and Quality Control” [8].
According to World Health Organization (WHO) guide-
lines, chromium and lead are heavy metals that are of great
concern [9]. The maximum allowable limit for all metals in
diverse systems has been determined by the WHO [10,11].
The widespread application of chromium in various indus-
tries such as electroplating, steel manufacturing, leather
tanning, pigments, and corrosion protection industries, and
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glass manufacturers, have accounted for the release of Cr*
in a trivalent oxidation state which has toxic and carcino-
genic properties for living organisms [12,13]. Lead ions are
considered toxins and a common pollutant found in the
waste of the printing, mining, pigments, and battery indus-
trial effluents [14,15]. Consequently, appropriate treatment
of effluents containing Pb* and Cr* ions prior to being dis-
charged into receiving water systems, is of great value as
regards environmental quality and human health.

Marine macroalgae (seaweeds) are promising natural
biomass resources that have high metal removal efficiency
[16-19]. They have different bioactive phycochemicals such
as polyphenols, polysaccharides, lipids, proteins, vita-
mins, and carotenoids which have several negative charge
active groups, for example, carboxyl, phosphate, amine,
and hydroxyl that create strong links between them and
hazardous metals [20-22]. Therefore, brown seaweeds act as
important normal exchangers for the removal of hazardous
cations [23].

Diverse remediation technologies have been developed
and used for the removal of hazardous pollutants like evap-
oration, reverse osmosis, evaporation, chemical precipita-
tion, membrane filtration, reverse osmosis, electrochemical
treatment, and ion exchange technologies [11,14]. Among
these mechanisms, the biosorption process is considered
one of the most eco-friendly, high capacity, and low-cost
techniques applied to wastewater polluted with poisonous
metals [24,25].

The present work objective is to examine the experimen-
tal parameters including solution pH, biomass dosage, ini-
tial metal concentration, and reaction time on the sorption
capacity of Pb*" and Cr* ions by Hydroclathrus clathratus and
Cystoseira barbata. Two established kinetic models “pseu-
do-first-order and pseudo-second-order” and isotherm
models “Langmuir and Freundlich” were applied to the
biosorption study. Finally, the surface structure and mech-
anism of H. clathratus and C. barbata before and after Pb*
and Cr* ions biosorption were also examined by means
of “Fourier transform infrared spectroscopy (FTIR)” and
“scanning electron microscopy (SEM)” with energy dis-
persive X-ray microanalysis (EDX). The findings indicated
that there is insufficient researches on H. clathratus for the
removal of Pb* and Cr* in the literature and furthermore,
that the information available concerning biosorption
with C. barbata, remains scarce.

2. Materials and methods
2.1. Preparation of biomass (brown marine macroalgae)

The brown marine macroalgae H. clathratus and C. bar-
bata (Phaeophyta) used in the present study were collected
from Al Qusayr city, the Red Sea, Egypt during the spring
season. The marine algal samples were placed in isother-
mal plastic bags in a cooler tank on ice containing some
local water then transferred to the laboratory. The collected
algal species were carefully washed with tap water to clean
them of unwanted materials such as debris and sand par-
ticles then rinsed well with distilled water. Subsequently,
they were oven-dried at 60°C for 24 h. The dried biomass
samples were screened through a sieve after crushing by a

laboratory blender in order to select particles that were between
0.5 and 1 mm. The algal samples were kept for further use.

2.2. Preparation of Pb*" and Cr*" ions solution

Stock solutions (1,000 mg L) of Pb* and Cr* ions
were employed in this study as different concentrations of
working solutions were made in the range of 5-50 mg L
from the stock solution. The standard chemical reagent
solutions (Sigma-Aldrich) were of analytical grade and
were supplied by Ireland. Different pH levels of the work-
ing solution were adjusted by adding drops of HCI or
NaOH (0.1-1 M) solutions using a pH instrument, after
the addition of the biomass. The equilibrium concentra-
tions of Pb* and Cr* ions in solution were determined
using an “inductively coupled plasma-optical emission
spectrometer” (ICP-plasma JY.ULTIMA 2).

2.3. Biosorbent characterization

Raw and metal loaded biosorbent samples were
filtered, then dried after being mixed with 20 mg L™ of
Pb* and Cr** ions at pH 5. The samples were examined
using (JASCO-6100 model, Japan-FTIR spectrometer) at
a 400-4,000 cm™ wavelength range. The FTIR spectro-
scopic method was performed to define the active func-
tional sites on the biosorbent surface. The properties of
unloaded and Pb?* and Cr* loaded biomass surface were
studied using SEM with EDX using (JEOL, JSM-52500 LV
SEM, Japan). SEM was used to visualize and characterize
the surface microstructure of biomass cell surface, whilst
EDX analysis was employed to understand the mecha-
nism of the biosorption process and also to define the
elements present on the biosorbent wall [26].

2.4. Pb** and Cr*" biosorption studies

Lead (Pb*) and chromium (Cr*) sorption experiments
were completed by mixing biosorbent material (1 g) with
100 mL of Pb* and Cr** synthetic solutions (20 mg L) in
250 mL beakers so as to determine the optimum pH value
and desired contact times. The beakers were agitated at
200 rpm on a mechanical shaker for 2 h at 25°C. The bio-
sorption solution was subsequently centrifuged for 5 mins
at 5,000 rpm to separate the suspended solids of biomass
material. The equilibrium concentrations of Pb* and Cr®*
in solution were determined using an “inductively cou-
pled plasma-optical emission spectrometer” (ICP-plasma
JY.ULTIMA 2).

To determine the optimum pH value and its effect on
metal ions biosorption, the medium pH ranged between
alkaline, neutral, and acidic (pH range of 2-8) and the
remaining concentrations of Pb* and Cr* ions were
measured after the sorption experiment using 2.5 g of the
different biomasses at initial concentrations (20 mg L)
of Pb** and Cr* ions. To achieve suitable pH values, we
controlled the pH by the addition of diluted HCL and
NaOH solutions.

To detect the influence of contact time, the biosorption
investigations were conducted at diverse time intervals of 0,
10, 20, 30, 40, 60, 120, 180, 240, and 300 min using 2.5 g of the
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different biomass materials at an initial metal concentration
of 20 mg L.

The effect of different Pb* and Cr®*" concentrations were
also investigated using 2.5 g of the different biomass mate-
rials at different concentrations of initial metal ions of 5, 15,
20, 30, 40, and 50 mg L to study the biosorption isotherms.

The effect of biomass doses on the biosorption process
was detected by measuring the remaining concentrations of
Pb* and Cr* ions (at 20 mg L™ as initial concentration) by
using different biosorbent amounts (0.2, 0.4, 0.6, 0.8, 1, 1.2,
and 1.4 g) in the experiment.

The mathematical equations for Pb* and Cr®* removal
efficiency (R %), sorption uptake at studied time t (9, mg g™)
and equilibrium (g, mg g™) are given by:

% R :@xlOO (1)
C‘0
-GS _mcf)v @
C,-C.)V
q, :(Omeq) 3)

where C; (mg L) is the initial Pb* and Cr** metal concen-
tration, C, (mg L) is concentrations at studied time ¢, C,
(mg L) is the metal concentrations at equilibrium, V (L) is
the aqueous solution volume, and m (g) is the amount of
biomass [18,27,28].

3. Results and discussion
3.1. Biomass characterization
3.1.1. Fourier transform infrared spectroscopy

Fig. 1 presents the FT-IR spectral analysis of the stud-
ied H. clathratus and C. barbata before and after Pb* and
Cr** sorption. The most intense and broad peak observed
at 3,779.8 cm™ typically refers to O-H groups that may be
one of the cell wall components of raw H. clathratus and
C. barbata [29]. The sorption peak at 3,434.5 cm™ may cor-
respond to N-H stretching vibration active groups of pro-
teins in C. barbata that appears to shift after Pb*" sorption to
3,436.6 cm™ and after Cr** sorption to 3,440.4 cm™. The peak
2,927.4 cm™ can be assigned to symmetric C-H stretching
vibrations of the aliphatic functional groups in C. barbata
which may be shifted to 2,925.5 cm™ after Cr* biosorp-
tion. The stretching vibration peak of the amide group at
2,277.5 cm™ may shift to 2,061.5 cm™ after Cr* biosorption by
H. clathratus. Both observed peaks at 1,436 and 1,421.3 cm™
that signify symmetric C=O shifted to 1,430.9 and 1,425.1 cm™
after Pb* biosorption by H. clathratus and C. barbata, respec-
tively. This shift can be described by the association of
the carboxyl functional group with Pb* [30]. The peaks
assigned to C-O stretching may be shifted from 1,027.9 and
1,039.44 cm™ to 1,025.9 and 1,024 cm™ by H. clathratus and
to 1,025.9 and 1,035.6 by C. barbata after Pb** and Cr** sorp-
tion, respectively. Conversely, the small peak corresponding

to the S=O groups was shifted from 875.5 to 873.6 cm™ after
Pb* and Cr* biosorption by C. barbata. Moreover, the band
at 669.2 cm™ which corresponds to C—C bonds also shifted
to 659.5 and 665.3 cm™ after biosorption of Pb* and Cr* by
C. barbata, respectively. The peaks below 600 cm™ are fin-
gerprint region and could be assigned to the phosphate or
sulfur groups [21,31]. The small peaks located at 553.5 and
584.3 cm™ were shifted to 584.3 and 588.2 cm™ after Pb** bio-
sorption by H. clathratus and C. barbata and to 547 cm™ after
Cr** biosorption by H. clathratus, respectively. By contrast,
loaded biomass shows bonds creation and destruction.

Fig. 1 demonstrates the appearance of different bands
at 2,073.1; 1,386.6; 428.1; and 435.8 cm™ while the disap-
pearance of the absorption bands at 3,779.8; 2,277.5; 1,120.4;
869.7; 709.7; and 584.3 cm™, suggested that hydroxyl,
amino, carboxyl, phosphate, and sulfonate groups could
contribute to Pb* and Cr* biosorption by H. clathratus and
C. barbata. The main sources of these stretching frequencies
observed by several references are listed in Table 1. From
the current results, many active sites on the biomass surface
act as binding positions for Pb*" and Cr*" ion sorption.

3.1.2. SEM analysis coupled with EDX microanalysis

The possible superficial morphology and metal inter-
actions of the studied biomass can be indicated using
SEM micrographs with EDX of H. clathratus and C. barbata
taken before and after Pb* and Cr* biosorption (Fig. 2).
We observed that the surface morphology of raw H. clath-
ratus indicates a porous structure but some vacancies for
raw C. barbata with rough and heterogeneous structures.

The SEM micrograph of Pb* and Cr* loaded biomass
surface revealed a completely different morphology.
Furthermore, pores facilitate a good possibility of metal
ions biosorption [32,33]. After the biosorption of Cr¥, the
surface pores structure of H. clathratus was enclosed, while
it exhibited a spongy and honeycomb structure after Pb*
sorption. The surface of C. barbata became soft and had a
poorly porous morphology in conjunction with an irregular
surface format after Cr* biosorption, whereas the micro-
graph of Pb* loaded C. barbata demonstrated a complicated
mass of filaments in a mesh form structure. It is evident
that the structures of H. clathratus and C. barbata varied
after the biosorption process.

EDX of biomass material before and after Pb* and Cr*
sorption is shown in Fig. 3. To decide whether ion exchange
is one of the main mechanisms of Pb* and Cr* biosorption
by H. clathratus and C. barbata, the chemical structure, and
reductions of inorganic elements, such as Na', Ca’, Mg*,
and Fe? were measured by EDX in raw and metal loaded
studied biomass samples. The main components of the H.
clathratus cell wall are Ca (18.4%), O (53.47%), and C (18.39%)
in addition to small quantities of Na (4.74%), S (3%), and
Cl (2%). The main cell wall elements of C. barbata are Ca
(33.85%), C (10.77%), and O (49.02%) and small quantities
of Mg (1.39%), Cl (1.39%), Na (2.69%), and K (0.88%).

After the biosorption process, several cations that
were originally present on the matrix of H. clathratus and
C. barbata cell wall were substituted by Pb* and Cr* ions,
which confirm that Pb* and Cr* biosorption on the bio-
mass surface has taken place. Following Pb* biosorption,
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Fig. 1. FTIR pattern of Hydroclathrus clathratus (a) raw, (b) after Pb* biosorption, (c) after Cr** biosorption and Cystoseira barbata (d) raw,
(e) after Pb* biosorption, and (f) after Cr* biosorption.

Table 1

Stretching frequencies observed in macroalgae FTIR spectra
Wave number (cm™) Assignment Reference
3,440 N-H stretching vibration (amino or amide) functional sites of proteins [25]
2,927 —CH, distention of aliphatic bonds, symmetric, and asymmetric stretching vibrations [25]
2,277 -NH?%*, -NH, and -NH stretching vibrations functional groups [24]
1,436 Stretching vibration of carboxyl groups -C=0 (symmetric) [21]
1,386 Asymmetric SO, streching [53]
1,120 (Ether) C-O [53]
1,027 Alcohols and carboxylic acids C-O stretching [24]
875 5=0 stretch [54]

669 C-C group present at the aromatic portion of the biomass structure [25]
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Fig. 2. SEM electron micrographs for Hydroclathrus clathratus (a) raw, (b) after Pb* biosorption, (c) after Cr** biosorption and Cystoseira
barbata (d) raw, (e) after Pb* biosorption, and (f) after Cr** biosorption.

the amount of Ca in H. clathratus has decreased from
18.4% to 12.55% and from 33.85% to 12.09% in C. barbata.
There is a minor decrease in Ca after Cr*" biosorption by
H. clathratus from 18.4% to 17.49% and a reduction in Ca
after Cr* biosorption by C. barbata from 33.85% to 22.59%
has been detected. The reduction in Ca suggests that ion
exchange is conceivably one of the mechanisms respon-
sible for the metal ion uptake by biomass. Lou et al. [27],
observed the presence of Na, K, Mg, and Ca peaks in the
raw brown algae Laminaria japonica from EDX analysis.
Verma et al. [34], concluded that the major components of
the cell wall of brown seaweed Sargassum filipendula are Na,
Mg, K, and Ca and that some cations present on the cell
wall were replaced by Pb*" ions after the occurrence of the

biosorption process. The cell wall functional groups of bio-
mass are naturally occupied by K*, Na*, Ca*, and Mg*" cat-
ions which persists in seawater at a high concentration [22].
The amount of metal ions bound to the raw biosorbent was
similar to the light metal amount released by biomass [35].

3.2. Mechanism of metal biosorption by biomass

The biosorption of Pb* and Cr* ions occurred due
to active function groups on the biomass cell wall. Thus,
there are various functional and chemical active sites
that can attract and secure metal ions where the biomass
cell wall selects metal according to the surrounding area,
such as the metal components and concentrations found
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Fig. 3. EDX spectra of Hydroclathrus clathratus (a) raw, (b) after Pb* biosorption, (c) after Cr® biosorption and Cystoseira barbata (d) raw,

(e) after Pb* biosorption, and (f) after Cr** biosorption.

in aqueous solution [22]. These adsorptive sites contain
carboxyl, carbonyl, amide, hydroxyl, amine, and sulfon-
ate groups as explained in the FTIR pattern. The signifi-
cance of the given active groups for metal biosorption by
biomass is governed by (1) the chemical state of the active
sites, (2) the biomass reactive site numbers and availabil-
ity of these sites, and (3) attraction between the sites and
pollutant metals of interest [36]. The connection of Pb* and
Cr* metal ions to the studied biomasses was achieved by
bonds formation between metal ions and active sites in the
bioactive components. The shifts occurred in the biosorp-
tion bands of the amine and hydroxyl groups in the FTIR
analysis explained by the creation of the bonds between
metal ions and sorbent materials (Table 1). The band shifts
are as a result of the metal complex creation among the
active functional sites and metal ions; those bands of
active functional groups were shifted to higher or lower
band numbers after the biosorption of metal ions [26,37].

3.3. Biosorption studies
3.3.1. pH effect on Pb** and Cr** biosorption

The pH value appears to be the most significant deter-
mining parameter affecting the biosorption process of
metals. In this study, Fig. 4 shows the initial pH effect on

the Pb* and Cr* biosorption efficiency by H. clathratus
and C. barbata. As shown, the Pb* and Cr®" removal effi-
ciency (R %) progressively increases as the pH increases
to pH 5 and then decreases at higher pH values. At pH 5,
H. clathratus and C. barbata showed that the optimum value
of Cr* biosorption efficiency was 93.18% and 82.22%,
respectively. Similarity, the maximum Pb* biosorption
efficiency by H. clathratus and C. barbata was 98.76% and
97.15%, respectively, at pH 5. The relationship between
metal cations biosorption and the pH of the solution can
be explained by the protonation or deprotonation phe-
nomenon which takes place on the biosorbent surface [38].
The cations biosorption is inhibited at very low pH levels
(acidic) as a result of the competition between the hydro-
nium ions (H*) and Pb* and Cr* ions for the functional
sites. Therefore, the ligands of the cell wall are linked
with positive hydronium ions [35,39,40]. However, with
the additional increase in pH value, further ligands are
exposed and the number of negatively charged deproton-
ated active sites increases, preferring the uptake of the cat-
ions [25]. In contrast, the biosorption efficiency decreases
at pH > 6 because the solid phase hydroxide complexes
of Pb* (Pb(OH),) and Cr* (Cr(OH),) were formed in the
medium leading to precipitation [13,25,35]. According to
our results, all the experiments were performed at the pH
level for Pb* and Cr* solutions (~5.5) as an optimal level.
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3.3.2. Effect of biosorbent amounts on Pb*" and Cr** biosorption

The influence of the biosorbent amount on Pb* and
Cr* sorption was investigated in the range of 2-16 g, as
seen in Fig. 5. Our results exhibited that the efficiency of
the biosorption process R (%) improves by increasing the
biosorbent dosage of biomass up to 10 g. The sorption
efficiency R (%) of Cr* increased from 82.59% to 93.55%
by H. clathratus, and from 65.75% to 83.16% by C. barbata.
Similarly, the biosorption efficiency R (%) of Pb* increased
from 96.43% to 98.85% by H. clathratus, and from 95.14%
to 97.27% by C. barbata. This is primarily due to the capa-
bility of the biosorption sites and superficial area of
biomass, which accordingly increases the availability of
more biosorption exchangeable sites onto the biomass
[35]. However, the removal efficiency of Pb* and Cr* ions
was practically the same and the biosorption increased till
the biomass dose reached 10 g. It subsequently remained
constant and did not increase further. Thus, it is apparent
that a further increase in biomass dosage above 10 g does
not increase biosorption efficiency.

This finding might be attributed to a reduction in the
effective superficial area and biosorption sites of biomass for
the metal ion uptake due to an aggregation of bisorbent at
high concentrations of biosorbent material [18]. Therefore,
10 g was preferable as an ideal biosorbent dosage for effec-
tive biosorption.
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3.3.3. Effect of reaction time on Pb*" and Cr*" biosorption

The biosorption efficiency R (%) of Pb* and Cr* ions
by H. clathratus and C. barbata is illustrated in Fig. 6. At the
early stages of the biosorption process, the removal effi-
ciency was rapid; nearly 90% of the total Pb* and Cr* ions
biosorption take place within the first 60 min then reach
the maximum equilibrium stage after 120 min. After this
faster step, the biosorption rate remained virtually con-
stant and there was no further considerable change in the
biosorption process up to 240 min. The metal uptake was
faster during the initial stage due to the availability of large
amounts of surface vacant groups. Thus the occupancy
of the remaining unoccupied sites will be difficult owing
to the repulsive forces between Pb* and Cr** ions on the
solid biomass material and contaminated aqueous solution
[35,41]. The observed rapid removal efficiency R (%) also
has significant practical importance due to its benefits as an
application method for real wastewater treatment plants.

3.3.4. Effect of initial Pb* and Cr** concentration

Initial Pb* and Cr* ions concentration effect were stud-
ied in the range of 5-50 mg L™ at predetermined optimum
conditions in Fig. 7. In this study, higher Pb* and Cr** concen-
tration values would increase the specific biosorption capacity
of metal ions but lower the biosorption efficiency percentage.
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Fig. 5. Effect of biosorbent dose on (a) Pb* and (b) Cr* biosorption efficiency R (%) of Hydroclathrus clathratus and Cystoseira barbata
(T: 25°C; V: 100 mL; ¢: 120 min, and pH: 5). The data are the mean of three replicate readings + SD.
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The initial metal concentration produced a dynamic strength
to overcome the resistance of mass transmission between
the solid material and aqueous medium [9,25].

3.4. Kinetic studies of Pb* and Cr®* biosorption

The kinetic analysis supply information concerning
the sorption mechanism that improves the adsorption pro-
cess efficiency [32]. The two rate equations of “pseudo-
first-order” (Fig. 8) and the “pseudo-second-order” (Fig. 9)
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have been used to analyze Pb* and Cr* ions kinetic data
of the biosorption process by H. clathratus and C. barbata.
The mathematical equation of the pseudo-first-order model
of our kinetic studies is displayed as [42]:

ln(qc—qf):lnqg—klt (4)

The representative linear relationship of In(q, - ¢q,) vs. ¢
was figured to estimate the Lagergren pseudo-first-order

(b)
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Fig. 7. Initial (a) Pb* and (b) Cr* concentrations effect on removal efficiency R (%) by Hydroclathrus clathratus and Cystoseira
barbata (T: 25°C; V: 100 mL; pH: 5; and m: 1 g). The data are the mean of three replicate readings + SD.
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Fig. 8. Pseudo-first-order kinetic analysis for the biosorption of (a) Pb* and (b) Cr* ions onto H. clathratus and C. barbata biomass

(T:25°C; pH: 5; V: 100 mL; and m: 1 g).
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Fig. 9. Pseudo-second-order kinetic analysis for the biosorption of (a) Pb* and (b) Cr* ions onto H. clathratus and C. barbata biomass

(T: 25°C; pH: 5; V: 100 mL; and m: 1 g).

Table 2

Pb* and Cr** biosorption parameters of pseudo-first-order and pseudo-second-order kinetic models

Pb2+

C r3+

Kinetics parameter

H. clathratus C. barbata H. clathratus C. barbata

Toexp (mg g™ 1.977 1.942 1.827 1.658
Pseudo-first-order

R? 0.958 0.984 0.957 0.963
e (M g7 0.035 0.046 0.335 0.302
k, (min™") 0.046 0.042 0.024 0.018
Pseudo-second-order

R? 1 1 0.999 0.999
Jpeac (MG &™) 1.978 1.943 1.843 1.674
k, (g mg™ min™) 4.725 3.707 0.239 0.223
h (mg g min™) 18.48 13.99 0.811 0.625

rate constant value (k,, min™). We estimated the rate of equi-
librium biosorption capacity (g, mg g™) after calculating the
plot intercepts and slopes, given that the quantity of metal
uptake on the mass unit of sorbent at time ¢ is (7, mg g™').

We also analyze kinetic data of the biosorption process
with linear form of pseudo-second-order mathematical
equation [43] which can be written as follows:

L1,

9, ka 4,

©)

The mathematical equation of the initial biosorption
rate can be displayed as:

h=kg (6)
where k, is the rate constant of the pseudo-second-order at
the equilibrium (g mg™ min™). The linear form of t/g, vs. ¢
was figured and the values of k, and g, were estimated.

Table 2 summarizes the parameters of biosorption
kinetics together with correlation coefficient values (R?).
It is clear that the “pseudo-first-order kinetic model”

presents the worst performance on describing the biosorp-
tion of Pb* and Cr*, over the entire period it was studied.
The pseudo-second-order kinetic model described the
experimental data very well with high correlation coeffi-
cient values (R?> 0.999).

In the “pseudo-second-order model,” the estimated
equilibrium capacity values (g, ) are close to the exper-
imentally determined values (q,, ), for investigated Pb*
and Cr* metals. This indicates that the kinetic model of the
pseudo-second-order was very good in characterizing the
biosorption kinetics of the investigated Pb* and Cr** met-
als on the algal biomass. The second-order kinetic study
suggests that the biosorption process occurred according
to the chemical interactions between the metal ions and
binding sites of the biomass surface [44].

3.5. Equilibrium biosorption isotherm studies

The isotherm studies of the biosorption process are
described by specific constant values, which describe the
superficial properties and the possible interactive trends
between biosorbent and various metals [45]. This research
employed the two most frequently applied isotherm models
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Fig. 10. Langmuir isotherm plots for the biosorption of (a) Pb* and (b) Cr* ions and Freundlich plots for the biosorption of (c) Pb*
and (d) Cr* ions onto H. clathratus and C. barbata biomass (T: 25°C; pH: 5; V: 100 mL; and m: 1 g).

for the aqueous phase biosorption; specifically the Langmuir
and Freundlich isotherm models to fit the experimental
information for Pb* and Cr* ions biosorption (Fig. 10).

The Langmuir model is related to monolayer biosorp-
tion over a homogeneous surface containing a restricted
number of binding sites [46]. The mathematical equation for
the Langmuir model can be displayed as:

incﬁ ! @)
Qo o

qmax L

where g, (mg g™) is the amount value of the biosorbed
heavy metal per unit mass of the biosorbent at the

Table 3

equilibrium, C, (mg L™) is the metal concentration at the
equilibrium, g__ (mg g™') is the maximum possible value
of biosorbed heavy metal per unit weight of the biosor-
bent mass and K, is the Langmuir isotherm constant
value which closely describes the affinity of the binding
functional sites for heavy metals and is associated with
the biosorption free energy. Langmuir parameters give
useful data concerning the sorption process in terms of
maximum sorption capacity (g, ) and affinity (b) [47].
We estimated the parameters value (g, and K)) of the
Langmuir model from the plot intercepts and slopes of
linear plots for C/q, against C, and summarized them
in Table 3.

Constant values for the biosorption isotherms of Pb*" and Cr* ions onto H. clathratus and C. barbata biomass

Pb*

Cr3

Isotherm parameters

H. clathratus C. barbata H. clathratus C. barbata

Langmuir model

R? 0.988 0.996 0.997 0.998

q,.. (Mg g™ 4.965 4.606 7.194 7.304

K, (Lmg™) 2.096 1.032 0.234 0.081
Freundlich model

R? 0.921 0.882 0.982 0.989

N 2.164 2.062 1.373 1.292
K.(Lg" 2.796 1.893 1.269 0.570
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The Freundlich isotherm is an empirical nature model
which determines heterogeneous surface biosorption and
is not restricted to monolayer formation. It is believed that
increasing the site occupation amount will decrease the
binding strength, as the first occupation occurs to the stron-
ger binding sites [48,49]. The mathematical equation of this
model can be displayed as:

9. =K. ®)

Rearranging Eq. (8) gives:

Ing, :anF+11nCE )
n

where K, (L g7) is the Freundlich constant and is an indi-
cator of the adsorption capacity and 1/n (dimensionless) is
the parameter related to adsorption intensity. Moreover, 1/n
value ranging between 0 and 1 and describes the surface
heterogeneity. If its value gets nearer to zero, the biosor-
bent surface describing as more heterogeneous. The values
of 1/n are less than one at studied metals indicating the
degree of non-linearity. The values of the (R?) show that the
experimental biosorption isotherm data of considered Pb*
and Cr’*" ions are very well described by the Langmuir iso-
therm model which showed that the biosorption is homo-
geneous due to the homogeneity of the biomass surface.
The Freundlich correlation coefficient values (R?) are lower
than the Langmuir correlation coefficient values obtained.
The R? values calculated in this study indicate that the
Freundlich isotherm is insufficient to describe the Pb* and
Cr*" biosorption onto algal biomass.

Asillustrated in Table 3, the maximum biosorption capac-
ities (g,) of Pb* and Cr* biosorption are 4.97, 7.19 mg g™' on
H. clathratus and 4.61, 7.30 mg g™ on C. barbata, respectively.
It is essential to analyze the equilibrium data to develop an
equation that can be applied to design and optimize an oper-
ating procedure and to compare different sorbents under dif-
ferent operating conditions [50]. To compare g, values with
other biosorbents, Kumar et al. [51], ascertained that the Pb*
uptake values for Cladophora fasicularis ranged from 5.68 to
33.53 mg g and from 6.19 to 25.07 mg g™ by means of green
biomass Ulva lactuca. Additionally, the maximum biosorp-
tion capacity of Pb* by Chaetomorpha sp., was between 7.52
and 35.08 mg g whilst the Pb* biosorption capacity values
were in the range of 6.03 to 21.58 and 6.42 to 37.71 mg g
by Caulerpa sertularioides and Valoniopsis pachynema, respec-
tively. Murphy et al. [47], concluded that the g values
calculated for Cr* binding decreased in the order: brown
(Fucus vesiculosus) > green > red (Palmaria palmate) and q,__
value for Ulva spp. was 1.02 mmol g™. Tamilselvan et al.
[52], reported that the g, value of Cr* by Caulerpa racemosa
was 1.13 mmol g and that the Sargassum wightii (brown
biomass) exhibited 78% biosorption for Pb* and Cr** ions.

4. Conclusion

The present study reveals that the parameters effects on
Pb* and Cr* ions biosorption from contaminated solution
utilizing the algal biomass were examined. The biosorption

process is not only based on the chemical composition of
biosorbent material and nature of solutes, but also strongly
influenced by different factors such as reaction time, pH,
biosorbent dose, and the initial concentrations of metal
ions. The brown algal biomass demonstrated increased
capacity for metal biosorption and that it can be used for
treating certain effluents. A suitable pH value for Pb* and
Cr? biosorption onto H. clathratus and C. barbata biosorbent
was 5. Ten grams per liter of the biomass and was sufficient
for the maximum Pb* and Cr®* biosorption. The studied
equilibrium isotherms for Pb*" and Cr** biosorption fitted
best to the Langmuir model and the pseudo-second-order
kinetic equations described the Pb* and Cr*" biosorption
kinetics extremely well. The final contribution of our results
suggests that H. clathratus and C. barbata are promising bio-
sorbent material for Pb* and Cr* bioremoval and waste-
water treatment due to its high biosorption efficiency.
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Symbols

C, — Initial concentration of metal ions in aqueous
solution, mg L™

C, —  Concentration of metal ions at any time ¢, mg L™

C, —  Concentration of metal ions at equilibrium state,
mg L™

K, —  Constant of Langmuir, L mg™

k, —  Constant of second-order model, g mg™ min™

M —  Mass of the adsorbent, g

1/n  — Freundlich parameter

i —  Equilibrium concentration in solid phase, mg g™

9... — Maximum adsorbed amount per unit mass of
adsorbent, mg g

q, —  Adsorbed amount at time t, mg g™

t —  Time, min
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