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ARTICLE INFO ABSTRACT

Avrticle History: It is important to determine the appropriate law in adsorption reactions to
Received: Nov. 24, 2021 understand the mechanism through the process of adsorption of solute on the
Accepted: Dec. 28, 2021 surface of solid materials. For this purpose, several models are recognized and
Online:Jan. 18, 2022 fit for experimental data to explain the appropriate kinetics of the adsorption
process. The mechanism of metal ions biosorption on dried Ulva lactuca was

examined using a variety of analytical methods. The effect of several important

Keywords: factors that influence adsorption technique was determined. Different batch
Ulva lactuca, . - . . .
Metal ions, adsorption tests were carried out as the function of pH, contact time, metal ion

concentrations, and Ulva lactuca powder dosage. The optimum conditions for
the experiments were performed at a pH value of 6.0, a contact time of 90
minutes and an adsorbent dose of 0.2 mgL-1. The highest removal values for
metal ions were 76% for cadmium and 79% for nickel. Kinetic experiments were
also applied to estimate the adsorption equilibrium time for the metals
investigated. Pseudo-first order, pseudo-second order, and the intraparticle
diffusion templets were used to create three kinetic templets. For the Kinetic
investigations, the findings fitted well and illustrated the adsorption kinetics of
Cd*" and Ni?* by Ulva Lactuca powder using a pseudo-second order templet
with the biomass. This study confirms that Ulva Lactuca, which belongs to green
algae, can be used efficiently and at a low cost to remove Cd** and Ni** from
contaminated water.

INTRODUCTION

adsorption process,
Aqueous solution

The population increase and the rapid development of various industries have led
to a huge increase in the amount of wastewater generated every day. As a result, one of
the most critical environmental issue is water contamination. The increase in rapid
industrialization and population have increased pollutants in wastewater. Many different
techniques have been used in wastewater treatment to improve its quality and reach
acceptable levels. Recently, interest has increased in conducting studies related to
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biotechnology to remove trace metals from industrial effluents using inexpensive and
available materials in the surrounding environment. There are several common chemical
and physical , such as the sedimentation process, filtration, precipitation and adsorption,
in addition to different biological methods and phytoremediation manner (Sheoran &
Sheoran, 2006), which are used to remove the polluted contaminants including trace
metals. At very low concentrations, cadmium is particularly hazardous to a diversity of
marine creatures. Cadmium, especially in youngsters, can harm the neurological system,
kidneys and the reproductive system. Therefore, to reduce the impact of human
anthropogenic trace metals inputs from agricultural practices, urban wastewater and
various industries in water systems are required to protect water supplies and reduce
pollution. Generally, a biological sorbent is readily available and inexpensive; these
materials were challenging (Wang & Chen, 2009). Algae is a vital sorbent material
abundant in marine environments and has been used in many treatment studies. In this
process, biological materials are used, whether living or dead organisms, as they can
concentrate dissolved metal ions on the surface layer (Davis et al., 2003; Guibal, 2004).
Several previous studies showed that many types of biomass have the ability to absorb
trace metals (marine algae, fungi, bacteria and chitosan). On the other hand, researches
have shown that marine algae have a high capacity to adsorb metals (Park et al., 2005;
Pavasant & Apiratikul, 2006; Vieira & Beppu, 2006; Romera et al., 2007; Baroni et
al., 2008; Mukhopadhyay, 2008; Romera et al., 2008). During the past years, there
have been many studies and efforts to use non-living and readily available biomass. This
biomass is capable of removing heavy metals at high rates. Microalgae have a large
capacity for accumulating trace metals and hazardous chemicals, which they use to make
microalgae biomass (Satpal & Khambete, 2016). El-Sikaily et al. (2007) examined the
efficiency of employing seawater dehydrated ecofriendly seaweed (Ulva lactuca) to
remove hazardous Cr6+ ions from wastewater. Among the recent surveys on the usage of
algae in water treatment as well as the disposal along with the removal of some toxic
elements using adsorption methods, the study of lbrahim et al. (2016) is considered.
Furthermore, Ulva lactuca was explored in the work of El-Said et al. (2018) for
defluoridation from aquatic medium. Owing to their great absorption capacity and ready
quantity of biomass in many coastal places throughout the world, marine algae are ranked
among the most promising species in the biosorption process. One of the common
methods used in these cases for treatment is the use of high biosorption methods used by
many types of algae, which are inexpensive and have an effective role in removing metals
(Sandau et al.,, 2004; Mehta & Gaur, 2005). Thus, the use of algae in treatment
processes to remove trace metals from wastewater is a significant and a promising
method, especially since many types of algae are available at low cost. The high algae
biosorption capacity is mainly due to the cell wall, which is mainly composed of fibers
and amorphous components of polysaccharides (Sheng et al., 2004). Cadmium is able to
form stable complexes with different bonds, and hence, it is one of the elements most
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easily treated from wastewater, whereas nickel complexes are less stable. Thus, nickel is
one of the least removable trace metals (Ofer et al., 2003).

The present work focused on determining the extent of algae biomass (Ulva lactuca)
to remove some metal ions (Cd*? and Ni*?) from an aqueous solution through the process
of bio-sorption.

MATERIALS AND METHODS

Chemicals

All chemicals, including: HCI, HNO3 and NaOH were analytical grade purchased
from Aldrich Chemical Company, USA. While, Cd and Ni salts were purchased from
BDH Limited, Poole, England.

The metal ion solutions used in the present study were prepared from salts of cadmium
nitrate and nickel nitrate (stock, 1000 mg/L). This was followed by preparing a series of
solutions with different concentrations to be used in the experiments. The pH values of
each mixture were adjusted to the desired values before mixing the biomass with the
adsorbate, using 0.1M HCI and 0.1M NaOH.

Adsorbent (Biomass)

Marine alga (Ulva lactuca) was collected from Abu Qir and the Eastern Harbor of
Alexandria coast during spring in April 2019. All samples were manually collected from
their respective locations during low tide, bathed in sea water to eliminate impurities and
aerial vegetation, and afterwards transported to the laboratory in a wet condition in an
ice- box. To eliminate the salt from the sample’s surface, it was cleaned with tap water
followed by distilled water. To remove extra water from the algae samples, blotting paper
was used and dehydrated by lyophilization in a Freeze dryer (BioBlock Chaist) until
constant weight was obtained (Verma et al., 2013). The dehydrated biomass was mashed
with a mortar and pestle (Akar & Tunali, 2006) and separated through a 63 pum sieve to
get a consistent particle size powder.

Instrumental analysis

The FTIR spectra of Ulva Lactuca powder was obtained using a Shimadzu Fourier
transform infrared spectrophotometer (FTIR system-BX 0.8009) and the KBr disc
method. The spectra were scanned in the range of 400-4000 cml under ambient
circumstances using 2.0 mg of Ulva Lactuca powder and 200.0 mg of KBr, with extra
crushing and pallet preparation by hydraulic pallet press. A scanning electron microscope
was also used to image absorbent biomass (JSM. -5300., JEOL. Ltd.). The SEM
sample surface was covered with gold using an ion spray coating apparatus (JEOL. -JFC.
-1100E.). The pH measurements of buffer solutions and metal ions were performed using
Jenway. 3310 pH-Meter and calibrated against standard buffers of pH 4 and 9. Metal ions
(Ni*? and Cd*®) concentrations were determined using inductively coupled plasma
spectroscopy (ICP -OES; Model- Optima 3300 RL, Make- Perkin Elmer) at the specified
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wavelength (APHA-AWWA, 1998). All data were measured in triplicate, and data were
represented as mean values in ugg™ on a dry weight basis.
The pH of point zero charge (pHpzc)

The pHp,c value of the studied biomass (Ulva Lactuca powder) was estimated
according to the common method performed in previous research (Ahmad et al., 2012;
Samarghandi et al., 2015; Bhaumik & Mondal, 2016). Here, nine flasks were filled
with 50.0 mL of 0.1 M NaCl solution. The pH in these nine vessels was initially adjusted
to a range of 2.00 to 10.00 and the pH adjustment was done with 0.1 M sodium hydroxide
or hydrochloric acid solution. Then, an amount of 0.20 g of the dried biosorbent material
was added to the nine flasks. To reach the equilibrium state, the resulting mixture was
subjected to a vigorous shaking process for 24 hours at a speed of 250.0 rpm. The final
pH value was measured and plotted against the first pH value, with the pH of the
biomass. The pHpzc was determined at the point where the two curves overlap.

Batch adsorption experiments

Batch adsorption methods were performed using the weight of the biosorbent in
separate conical flasks (250 ml) containing the concentration (10 and 50 mgL™) of metal
ions (Cd® * and Ni? *), respectively. The flasks were placed in a vibrating water bath at
room temperature (25+ 0.1°C). After the biosorption process, the biosorbent was
separated by centrifugation; the supernatant liquids were analyzed, and the residual metal
ions concentration was measured.

Influence of pH-values, metal ion concentration and stirring time

To explore the effect of the pH, the parameters of preliminary metal concentration,
the dose of Ulva L. powder and the shaking time were fixed at 10 mgL™ for Cd*?and 50
mgL™ for Ni*?, 0.20 g and 90 min, respectively. The tested Ph- values ranged from 3 to 8.
pH was adjusted with 0.10mole hydrochloric acid and 0.10mole sodium hydroxide. To
evaluate the influence of the concentration of the studied metals (Cd** and Ni?* ions) on
the biosorption process, a number of different metal concentrations of 5, 10, 20 mgL™ for
Cd*? and 20, 50, 100 mgL™ for Ni*? was studied at pH-value =6, with 0.2 gL™ Ulva L.
powder for 90 minutes. An amount of 250 ml of aqueous solutions of metal ions was
added in previously prepared concentrations. By a magnetic stirrer, the solution was
mixed for 90 minutes at 250 rpm, and 1 ml of reaction solution was diluted to 10 ml using
DDW at intervals of 0, 5, 10, 20, 30, 40, 50, 60, 70 and 90 minutes. This was followed by
measuring the amount of the remaining metal ions. The influence of contact time was
determined by stirring 0.20 g of Ulva L. powder with a metal solution 10 and 50 mgL™
for Cd®* and Ni**, respectively, at different times (0, 10, 20, 30, 40, 50, 60, 70, 90
minutes).

Influence of adsorbent dosage and temperature change.

To examine the impact of biomass weight regarding the adsorption procedure,
different biomass weights (Ulva Lactuca powder as biosorbent) were used (0.1, 0.2, 0.5
and 1.0 g) and agitated with 10 and 50 mgL-1 solutions for Cd** and Ni** ions,
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respectively, at pH 6 for 90 minutes. Weights of biosorbent were added to 250 ml of
metal ions solution and stirred for 90 minutes, followed by standing for 3 hours. To
explore the effect of heat variation on the adsorption capacity and the removal percent of
Cd* and Ni®* ions, the experiment was carried out at T=20, 25, 30, 35 and 40°C, using
an adsorbent quantity of 0.2 g, an amount of 250 ml containing a solution of 10 and 50
mgL™ for Cd*? and Ni*? ions, respectively, at pH 6 for 90 minutes. After any specified
time, the sorbents were split up from the mixture being filtered throughout the filtering
paper. The supernatant was obtained during the different stages of the study by
centrifugal separation, and the remaining metals (Cd** and Ni** ) ions were measured
using ICP-OES.
Removal and adsorption capacity calculation

For the study of kinetic experiments, optimal values for the studied parameters were
used; the pH-value considered was 6.0, whereas the amount of biomass was 0.2 gL™ for
solutions of different metal concentrations. All flasks were mixed at 250 rpm at room
temperature. Residual metal ions were measured at periodic intervals with initial and final
concentrations. According to Li et al. (2019), the removal ratio (R%) and equilibrium
adsorption capacity (ge) of the metal ions in the solutions were described as follows:
Removal % = [(C. - C,) /Co ] x100 e 1
The quantity of metal ions adsorbed at equilibrium, ge. (mg g™) was computed from the
following equation:
e [ (O O B --=-2
where, V: the mixture volume (L), Co : initial metal ions (Cd** and Ni*?) concentration,
Ce: the equilibrium metal ions (Cd*? and Ni*?) concentrations in (mgL™), and m: the mass
of adsorbent (g). All of the adsorption experiments were done three times in a row, with
all of the findings being measured three times in a row.

RESULTS

Chemical composition of dry biomass (Ulva Lactuca powder):

The biosorption capability of Ulva. L powder is mainly related to the structure of the
cell wall, which is composed of carbohydrates, polysaccharides, lipids, proteins and other
biopolymers (Sheng et al. 2004). The chemical composition of algae powder (Ulva. L)
showed a relatively high amount of fiber (51.0%), proteins (6.9%) and lipids (3.8%). It
was also found that the fibers contained hemicellulose (22.1%), cellulose (8.6%) and
lignin (2.1%). The results of the protein analysis presented that the basic amino acids
were about 46.0% of the total amino acids. Palmitic acid and oleic acid accounted for
58.3.0% and 14.98% of the total fatty acids. The metal concentrations (in pug g-1 dry
wet.) in Ulva. L were as follows: Zn (92.5) > Fe (75.0) > Ni (32.5) > Cu (6.8) > Se (2.6)
> Ph (0.25) > Cd (0.13)
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Adsorbent characterization
The pH of point zero charge (pHpzc)

The pHZPC value of the biosorbent surface must be determined, which is a very
important characteristic and defined as the pH at which the biosorbent surface is
electrically neutral. It was found that the pHZPC value of the studied biosorbent was <7.0
(Fig.1). This indicates that the surface biomass of Ulva Lactuca powder is negatively
charged at pH values up to 7 and at pH values <7.0, the surface is positively charged. Fig.
(1) shows that the removal of metal ions by surface biomass is associated with pHZPC
value (pHZPC= 6). Increasing the pH above the pHZPC would give a low absorption
capacity.

Scanning electron microscopy (SEM)

The SEM analysis of Ulva Lactuca powder revealed important information on
surface morphology. This technique is used to show the small surfaces of the porous raw
material, and it is done before and after the treatment process. The SEM of Ulva Lactuca
powder showed breaking down of the cell wall; this decreased the firmness of the thalli
which became brittle (Fig.2). It was evident from the micrographs that the biomass
exhibits an even and relatively compact structure, interspersed with identical large
channels in the adsorbed metal ions (Cd** and Ni®*). Furthermore, the channels in the
state of biomass adsorbed metal ions were larger than those before the adsorption
process. These changes may have occurred when samples were exposed to a solution of
metals. This occurs as a result of the process of replacing cations in solutions with some
cations in the cell wall of dead algae and results in stronger crosslinking. This can be
explained by the ion exchange mechanism whereby metal ions occupy available sites on
the surfaces of the adsorbent material (Saravanan et al., 2011).

10.0
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7.0

T

a 5.5
4.0
2.5
1.0
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1.0 2.5 4.0 5.5 7.0 8.5 10.0
initial pH
Fig.1: The point of zero charge, pHz of dried Ulva L powder.
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SEM of Marine lgae (Ulva lactuca )
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Fig. 2: Scan Electron Microscope micrograph of Ulva lactuca before and after the
adsorption processes

FTIR spectroscopy analysis

The current results show that the chemical composition of the dried algae powder
(Ulva Lactuca) is characterized with high content of fibres (54.0%), minerals (19.6%),
proteins (8.5%) and lipids (7.9%). In addition, the neutral fibres consisted of
hemicellulose (20.6%), cellulose (9.0%) and lignin (1.7%). These findings are in line
with those of Yaich et al. (2011).

The Fourier transform infrared (FTIR) is a useful analytical tool for discovering
functional groups and analysing covalent bonding information. FTIR analysis was used in
this study to identify the different functional groups present in Ulva Lactuca powder that
were responsible for the adsorption process (Vieira & Volesky, 2000).

The FTIR spectra of Ulva Lactuca powder before the adsorption process of metal ions
(Cd*" and Ni?") is presented in Fig. (3a, b). A medium broad absorption band observed at
3946 cm-1 confirmed intra-molecular H-bonded (-OH groups). The existence of a signal
at 2929 cm-1 corroborated the asymmetric and symmetric stretching the vibrations of
aliphatic C-H stretch alkanes in the CH, and CH3 groups. The characteristic features of
FTIR spectra are the presence of absorption bands described by location, shape and
intensity. The main areas of FTIR spectra interpretation are the following wavenumbers
with their ranges: 4000-2500 cm-1 — vibrations of stretching bonds O-H, N-H, C-H, S-
H; 2500-2000 cm-1 — C=C=C and triple bonds C=N and C=C; 2000-1500 cm-1 -
double C=C, C=0, C=N, N=N, deformation vibrations of bonds N-H and O-H from
water; 1500-650 cm-1 — fingerprint area, difficult for interpretation, valence vibrations
of bonds C-C, C-N, C-O, deformation vibrations of C-H. Absorption bands of C-OH
groups of phenols and alcohols (coming from stretching vibrations) are placed in
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wavenumber range of 3000-3600 cm-1 (Sakellariadou 2006). Increase of band at ~3300
cm-1 can be caused by the combining of metal ions or by raised hydrogen bonding. The
spectra of FTIR found before and after adsorption of metal ions (Cd** and Ni**) in dried
Ulva L powder are observed in Fig.3 (a & b). A broad band at 3446.9 cm—1 before metal
adsorption was slightly shifted to the peak at 3445.9 cm—1 after adsorption, which is due
to the O—H stretching frequency, hydrogen bonding hydroxyl groups occurs (Ertani,
2011). The IR spectra at 2928.0 and 2929.9 cm—1 refer to asymmetric and symmetric C—
H stretching or of CH, groups. Generally, alkanes and cycloalkanes absorb in the range
of 2850 — 3000 cm-1. Yao et al. (2008) reported that, these bands are strong and broad,
and their situation ought not alter by more than £10 cm-1. These bands were presented at
2920 and 2860 cm-1 (Sakellariadou, 2006). The band at 2362.9 cm—1 was shifted to
2379.2 cm—1 by seventeen units, which may indicate the presence of intra-molecular H—
OH frequency and C=C.
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Fig.3: The FT-IR absorption spectrum of Ulva L. powder before (a) and
after (b) adsorption of metal ions (Ni* and Cd?*)

The infrared spectra at 1650.1 cm-1 were shifted to 1645.3 cm-1 by five units
accordingly of the adsorption route, and the bands indicate the aromatic structural
vibrations C = C, C = O spanning the quinone and amide groups, and C = O of the
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conjugated H-bonded Ketones. The absorption band at 1562.3 cm-1 was shifted to 1552.7
cm-1 by ten units, the band indicate C=N stretching of amides (amide band). The band at
1432.1 cm—1 was shifted to 1440.8 cm—1 by eight units, it is assigned to O-H
deformation. The band at 1047.3 cm—1 was shifted to 1061.2 cm—1 by fourteen units,
which may indicate the presence of C-O stretching for polysaccharides or
polysaccharide-like substances and/or Si—O of silicate impurities (Senesi et al., 2003).
The stretching frequency of metal-OH was found at the 781.2 cm—1, the peak at 581.5
cm—1 before metal adsorption was shifted to the peak at 781.2 cm—1 due to the presence
of O—H deformation.

Experimental study of adsorption

The study of adsorption process was carried out by changing different variables;
these parameters include the pH, contact time, and initial concentration of metal ions to
reach the most appropriate conditions for removing cadmium and nickel ions from the
aqueous solution.

Influence of pH-value on adsorption capacity

The Ph- value has an effect on the site dissociation (proton and deprotonation of
functional groups on adsorbents). It also affects heavy metal solution chemistry,
hydrolysis and heavy metal speciation (Veena et al., 2012; Jaiswal et al., 2013;
Adebayo et al., 2020). Through altering the pH values of the initial mixture in the range
from 3 to 7, the ability of Ulva Lactuca powder to adsorb Cd** and Ni** ions was studied.
The greatest amount of metal binding was recorded at pH 6.0. The adsorbate's ionization
degree (species formation) and surface property may be affected by the pH (Abdel-
Ghani et al., 2015). The amount of Cd** and Ni** ions adsorbed on the adsorbate study
increases when the pH value rises from 3.0 to 6.0, as shown in Fig. (S1). With low pH
values, Ulva Lactuca powder was very selective for H+ ions, resulting in this occurrence.
H+ ions compete with metal ions for exchange sites in Ulva Lactuca powder at lower pH
levels, resulting in poor metal ion removal (Goher et al., 2015).

The significant decline in competition among protons and Cd** and Ni®* cations for
the identical functional groups, as well as the lower in surface charge positivity, which
results in a lower electrostatic repulsion between the surface and metal ions before ion-
exchange, can be explained by the increase in metal ion removal as pH rises. Ulva
Lactuca powder adsorption findings revealed an optimum pH value of around 6.0, which
is also significant in the discharge of treated effluents (required for neutral water or water
reuse). At pH 6.0, the highest removal percentages for Cd** and Ni** were 76.16 percent
for Cd** and 79.07 percent for Ni**. The decrease in adsorption at higher pH (above pH
6.0) is probably due to the formation of insoluble hydroxide (OH), (Abdennebi et al.,
2017). Metal ion binding to Ulva Lactuca powder is influenced by chemical
characteristics, which are frequently governed by the pH of the solution. In general,
lowering the pH of a solution raises the concentration of free ionic species. Several
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investigations have found that the biosorption of metal ions is inversely proportional to
the pH of the metal solution (El-Sikaily et al., 2007; Nessim et al., 2011). The influence
of initial pH on the elimination of meta ions (Cd** and Ni®*) was investigated using dried
sea algae (Ulva Lactuca) (Fig. S1). The maximum removal occurred at initial pH 6.0 for
both cadmium and nickel ions. The present results revealed that the removal % of metal
ions increased from 64% to 76% for cadmium and from 73% to 79% for nickel with
increasing the pH from 3.0 to 6.0. While, it decreased to 61% and 75.64% for cadmium
and nickel ions, respectively, at pH value above 6.0 (Fig. S1). Under low acid
circumstances, the adsorption capacity was reduced in the current study. The equilibrium
adsorption capacity (ge) increased slightly as the pH increased from 3.0 to 6.0, with the
greatest absorption capacity at pH 6.0, followed by a decrease at pH 7. It can be
concluded that pH 6.0 had the optimum adsorption behavior and removal efficiency for
cadmium and nickel ions (Figs. S1, S2). Cadmium and nickel ions can precipitate as
metal hydroxides at pH levels greater than 6.0 (Chen & Yang, 2005). When the pH value
decreases, the hydrogen ions H+ increase, and the competition between metal ions and
H+ ions for adsorption occurs on the surface of the biosorbent material. Conversely, the
high pH value leads to a significant increase in the adsorption of metal ions due to the
increase in the negative charge of the —OH group on the surfaces of the active sites of
biosorbent material (Malandrino et al., 2006). At pH values greater than 5, where metal
ions are surrounded by anions, a decreased removal of metal ions is recorded with the
presence of the sorbent material (Adhiambo et al., 2015). As a result, the optimum pH
value for cadmium and nickel ions was pH 6.0.
Impact of contact time on biosorption efficiency

One of the most important elements affecting adsorption capacity is the investigation
of the influence of contact time between metal ions in the solution and the adsorbent
material (Baysal et al., 2009). Using dried Ulva Lactuca powder, the relationship
between contact time variations on the biosorption process and metal ions removal
percent (cadmium and nickel ions) from aqueous solution is illustrated in Fig. (S3), it was
investigated at various time periods in the range of 5-90 min. The initial concentration of
cadmium and nickel ions removal was 10 and 50 mgL-1, respectively; the volume of
solution was 250 ml; the pH value= 6.0; the adsorbent dosage was 0.2 g and room
temperature was 25°C. Under those conditions, the results showed a good ability to from
aqueous solution at the first 5min. The uptake of cadmium and nickel ions rose
significantly at the start of the biosorption, but after 40 minutes, the change became
gradual. At 60 minutes of the biosorption process, the metal ions on the biosorbent
reached an equilibrium condition, according to the findings. After this equilibrium period,
the amount of adsorbed cadmium and nickel ions did not change significantly with time,
and the removal decreased significantly and eventually reached a plateau after 60
minutes.
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Consequently, the clearance efficiency was high, and 90 minutes was chosen as the
biosorption equilibrium period. The results showed that increasing the contact duration
between the metal ions and the adsorbent boosted metal ion removal efficiency from 47
to 75 percent for cadmium, and from 38 to 73 percent for nickel ions. Metal ions have
access to adsorption sites on the biosorbent at first. As a result of the rise in metal ion
concentration between the solution and the biosorbent material, it was found that
adsorption is rapid. This is induced by the intramolecular diffusion in the cell walls of
biosorbent from the liquid to the biosorbent surface, and the decrease occurred slowly
thereafter. Additionally, the forces of repulsion between the adsorbent materials led to a
decrease in the adsorption process (Agarry et al., 2015; Latinwo et al., 2015). Generally,
Fig. (S3) shows that the adsorption process of metal ions by means of biosorbent occurs
in two steps. In the first step, adsorption occured rapidly within the first 5 minutes (39-
47%) of the total cadmium and nickel ions adsorption by biosorbent (Ulva Lactuca
powder). Whereas, in the second step to reach equilibrium, the process extended to be
within 90 minutes.

Effect of initial concentration on biosorption efficiency

The driving force between the adsorbent and the metal ions solution, which affects
the adsorption process, is the initial concentration. To study this variable, the initial
concentration range was changed from 5 to 20 mgL™ for cadmium and from 20-100 mgL’
! for nickel, while all other variables were constant. On the dried Ulva L. powder, a rapid
rise in cadmium and nickel adsorption was observed due to the existence of sites
available on the surface of the biosorption material. As shown in Fig. (S4), the obtained
results revealed that the removal rates decreased. Therefore, no significant effect was
recorded on the adsorption process with further increase in cadmium concentration from
10 to 20 mgL™ and in nickel concentration from 50 to 100 mgL™. It is worthy to mention
that, any increase in concentration record no effect on the adsorption process until the
sites on the surface of the adsorbent become saturated with ions and reach equilibrium.
Previous research has demonstrated that high concentrations cause spots on the surface of
the biosorbent material until occupied. The unavailability of the evaluated sites and,
consequently, the places of residence of the sorbets are reduced (Teka & Enyew, 2014).
Thus, the higher concentration also increased the uptake of sorbate at the available sites.
These adsorption sites can easily be occupied by adsorption materials, and the adsorption
capacity has a positive effect on the concentration in this range. The adsorption capacity
(ge) of cadmium and nickel increased with different biosorbent doses (0.1, 0.2,0.5,1.0 g)
(Fig. S5).

Effect of adsorption dose

The effect of adsorption dose regarding the process of adsorption of metal ions
(cadmium and nickel) was investigated by changing the dosage of the adsorbent from the
aqueous solution while the other variables maintain its stability to reach the optimum
amount of the adsorbent using different concentrations of metal ions (Mekonnen et al.,
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2015). The effect of the adsorbent dose was studied by 250 mL of three different metal
ions concentrations (5,10,20 mgL'for cadmium and 20,50,100 mgL'for nickel) under
different adsorbent doses (0.1,0.2,0.5 and 1.0 g) (Fig. S4). Increasing the mass of
adsorbent resulted in a corresponding increase in the percentage of metal ion removal as
shown in Fig. (S4).

Remarkably, adsorption tends to balance when the mass of the adsorbent material
reaches a certain value. The metal ion removal rate reached the saturated value at the
mass of the adsorbent of 0.2 g corresponding to the initial metal concentration of 10
mgL""for cadmium and 50mgL""for nickel. This happened due to the fact that when high
doses of adsorbents are used, the amount of accessible metal ions in the solution is
insufficient for adsorption on the adsorbent's surface. It is evident from the study that the
values of absorption capacity (ge) decrease with increasing the dose of bioadsorbent
(Ulva Lactuca powder) used for both cadmium and nickel ions, while the percentage of
removal increases to 76 and 82% for both cadmium and nickel ions, respectively (Fig.
S6). The rate of metal ion removal increased as the number of absorption pores and
adsorption sites increased. Higher adsorbent amounts cause particle aggregation, which
reduces total surface area and lengthens diffusion paths, both of which lead to a reduction
in the quantity adsorbed per unit mass (Shukla et al.,2002). Gborbami et al. (2012)
postulated that, an increase in the absorbent material's surface area and the availability of
free surface charges on the binding sites resulted in a higher removal percent. Moreover,
Adebayo et al. (2020) reported that, a high adsorbent dose can impose a sieve effect on
the other dense layer of cells, thus protecting the binding sites from metal ions. Notably,
0.2 grams of the adsorbent material (Ulva Lactuca powder) is the appropriate dose to
remove Cd** and Ni®* ions.

Effect of temperature

The effect of temperature is an important factor affecting the adsorption performance.
Various sets of experiments were performed to study the effect of this variable on
adsorption and different temperatures (273, 298, 303, 308, 313 K), with pH value of 6,
initial concentration of 10 mgL-1 for Cd** and 50 mgL-1 for Ni**, contact time of 90 min.
Fig. (S7) shows the effect of temperature on the adsorption process of Cd*" and Ni** ions
by Ulva Lactuca powder. It was noticed that the adsorption of Cd** and Ni** ions
increases with increasing the temperature. The present results showed that the removal
efficiency increases with increasing the temperature as maximum adsorption (69.72% for
Cd**and 73.03% for Ni**) was achieved at 313 K. The increase in the removal efficiency
with the increase in temperature is attributed to the fact that a higher temperature
activates metal ions to enhance adsorption at the coordination sites of the adsorbent, and
hence, the metal cation moves faster (Buasri et al., 2012). An increase in temperature
leads to some fast slow steps, and an increase in the number of active sites are thus
recorded on the surfaces of the adsorbent (Jarup et al., 1998). Furthermore, the increase
in adsorption with the increase in temperature is due to an increase in the dissolution of
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the adsorbent with temperature, which leads to a decrease in the resistance to mass
transfer of the adsorbent in the boundary layer. Moreover, with increasing temperature,
the diffusion rate is higher across the outer and inner boundary layer due to the decrease
in solution viscosity with increasing temperature (Adebayo et al., 2020).

DISCUSSION

The metal ion adsorption kinetics model is significant in the study of adsorption
processes for it helps to predict the adsorption pathway by determining the chemical and
physical behaviour of the examined bio-sorbent material. A lot of information can be
obtained by predicting the frequency of adsorption from the design of batch absorption
systems. To achieve this, the ideal conditions for solute absorption kinetics must be
determined for use on a broad level. The equilibrium period for the uptake of cadmium
and nickel ions by Ulva Lactuca powder was determined by kinetic tests. In general,
three numerical simulations were also used to evaluate the experimental results acquired
from the adsorption of metal ions on biosorbent, including pseudo-first- and second-order
Kinetic templates, in addition to an intraparticle diffusion template (Weber & Morris
model). In the present study, an amount of 0.2gm of biosorbent was added to 0.25 L of
metal solution (10 mgL™ for cadmium ions and 50 mgL™ for nickel ions) at a pH value of
6.0 for both metals, followed by shacking at 250 rpm at 25°C.

Pseudo first-order kinetics

Kinetic Data are often processed using Lagergren first-order equation, which works
on describing the rate of absorption based on its capacity. A predominant equation for
studying kinetics of metal ions is the first order Lagergren equation (Wen et al., 2006).
This model is reliant on the Ulva Lactuca powder's capability. It is assumed that liquid
and solid adsorption took place on a single layer of the adsorption surface (adsorbate).
The following is a general representation of a pseudo first-order formula (Lagergren,
1898):

Z—T =K,(q,—q.) 3)

Where, ki: rate constant of adsorption (L min™); ge: the capacity of powder adsorption at
equilibrium, and q; is the capacity of powder adsorption (mgg™) at period t. The
integrated form of Eq. 4 becomes: t =0 tot =t and gt = 0 to gt = gt after integration and
application of boundary constraintst=0tot=tand qt = 0 to gt = qt:

Ln (q. — q.) = Lnq, — K, #t (4)
The log (qe — qr) values are corelated well with t, where k; is the slope and Ln g is the
intercept.

The current study indicates that there is no linear correlation with the experimental
results during the period range, recording the specific kinetic model, which is evident
from the value of the correlation coefficient (R? values for cadmium and nickel ions are
0.318 and 0.919, respectively) (Fig. 4).
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Fig. 4: Kinetic models for Cd?* and Ni?* adsorbed by Ulva Lactuca; pseudo-first order, and pseudo-

second order kinetic for the adsorption of initial concentration of Cd?* (10mgL) and Ni?*(50mgL?)

The values of k; and ge (theoretical) for cadmium and nickel ions of biosorbent
studied are shown in Table (1). The parameter for the first-order reveled ge (calculated)
indicated that this model failed to estimate ge (experiment) since the experimental values
of ge (9.25 mg L™* and 45.0 mg L* for cadmium and nickel ions, respectively) differ
from the calculated values of ge (2.56 mg L ™! and 24.34 mg L™ for cadmium and nickel
ions, respectively).

Pseudo second-order kinetics

This template explains well the adsorption kinetic based on the idea that the chemical
adsorption is the controlling step during the reaction. The equation of this template can be
expressed as follows (Ho et al., 1999):

’;—qf = K,(q.— q.)"2 )

Where k,: the second-order rate adsorption constant (g mg > min™%). If t =0 to t = t and
g= 0 to g¢= q;, the combined form of Eqg. 5 becomes:

— = +K, (6)

(@z—at) ae

Rearranging Eq. 5 yields Eq. 7, which has a linear form:
R - U (0
T=gat(D)e O

qt Hy
Suppose h (g mg™* min™?) is the initial rate of adsorption:

h=Kyq2 8)
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Therefore, Eqgs. 7 and 8 are as described in the following:
t 1 1
w-Rtor® ©)

The slope and intercept of the linear correlation graph were used to calculate g and
k,. Table (1) shows the computed adsorption kinetic constants and correlation
coefficients for the two models utilized in this investigation. Good correlation
coefficients (R?) are reported for the metal ion removal process and can be approximated
using the pseudo second order kinetics template, showing that the model can fit the
experimental data. Furthermore, the theoretically estimated steady state biosorption
ability, g (theoretical), should be consistent with experimental biosorption capacity, Qe
(experimental) values.

Table (1) shows that, the correlation coefficients (R?) were 0.997 for cadmium and
0.995 for nickel. The experimental ge was 9.25 and 45.0 mgL* for Cd** and Ni®*,
respectively. Those values revealed slight differences compared to the calculated ones
(9.94and 49.26 mgL " for cadmium and nickel ions, respectively) (Table 1). Obviously,
from the values calculated by pseudo-second-order kinetic template, gecy had good
agreement with the experimental geexp. This result revealed that the pseudo-second-order
kinetic template was the best fit for explaining the cadmium and nickel ion adsorption
process onto Ulva Lactuca powder as a biosorbent.

The intraparticle diffusion adsorption model

One of the most prevalent models in large-scale adsorption kinetics study is the intra-
particle diffusion model (Tsibranska & Hristova, 2011). The intraparticle diffusion
template, also known as the Weber and Morris template, is used to assess Kinetic data,
with the intercept linked to mass transfer over the boundary layer and the exponent
predicted to be 0.5. The model was defined by Weber and Morris (1963) as follows:

q =K vt /24C (10)
Where C is the intercept, and kd is the intra-particle diffusion rate constant. The slope of

the linear interpolation was used to derive the rate constant ky, and the values of q;
correlated proportionally with the values of t“2 (Fig. 5).
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Tablel: parameters of the adsorption mechamism of Cd* and Wi** onto dried Ulva Lactuca

powder using three models

Pseudo-first order Cd M1
Equation v =-0.025x+ 09416 v=-0.042x+3.192
Lnge (Cal) (mg/g) 0.9416 3.192

qe (Cal) 2 5641 243371

qe (exp.) 9.25 45.00

ky (1/min) 0.025 0.042

R 03175 0.9199

Pseudo-second order

Equation v=0.1006x +0.6127 v=0.0203x+0.1593
Qe (mg/g) 99403 492611

ge (exp.) 9.25 45.00

ks (2/me.min) 0.01652 0.00259

R? 0.9971 0.9952
Weber and Morns model

Equation v=04876x +4.0237 v=4.0534x + 11.047
gt

ke (mg glminl?) 0.4876 4.0534

C 40237 11.0470

R? 0.8340 0.8464

For cadmium and nickel ions, the intercept (C) values were 4.024 and 11.047,
respectively (Table 1). The external mass transfer resistance grows with rising the
intercept increase values, giving an information about the thickness of the boundary
layer. For biosorbent experiments, R? values for cadmium and nickel ions were 0.834 and
0.846, respectively, confirming that the intra-particle diffusion process is the controlling
stage. The plots' linearity revealed that intra-particle diffusion was important in the
uptake of cadmium and nickel ions by Ulva Lactuca powder as a bio-sorbent material.



A Study on the Removal Characteristics of Metal lons 175

60.0 1
50.0 - .
vy =4.0534x + 11.047 e -
R2=0.8464 & 4 _4A "4 A
40.0 H P
330.0- k/ . cd
L
P A Ni
20.0 A —
A vy = 0.4876x + 4.0237
R*=0.834
10.0 - B
_4_.__0-_.—.‘.__0_0__4_..,_ -
—
0.0 . . . . |
0.0 2.0 4.0 6.0 8.0 10.0
t1f2

Fig. 5: The intraparticle diffusion model for the adsorption of initial concentration of Cd?*
(10mgL1) and Ni?* (50mgL?) by biosorbent (Ulva Lactuca powder)

The linear graphs of cadmium and nickel ions (Fig.5) did not, in fact, travel through
the origin. The variation in the rate of mass transfer between the first and final stages of
biosorption is responsible for this divergence from the origin. This suggests the presence
of a boundary layer effect, as well as the fact that diffusion within the particles was not
the only factor influencing the rate. The intra-particle model matched a straight line
through the origin (Fig. 5), indicating that the adsorption process was influenced not only
by intra-particle diffusion but also by other adsorption processes (Kuang et al., 2020).

CONCLUSION

The biosorbent Ulva Lactuca powder has a lot of promise for removing Cd*and Ni*?
ions from contaminated water. Within the first 60 minutes of interaction, the metals on
the adsorbent were biosorbed to the point where 75 percent of the metals were eliminated.
The biosorption that best fit the Pseudo-second order model was shown to be highly
dependent on parameters, such as solution’s pH, contact time and biosorbent dose. The
results suggest that Ulva Lactuca powder have potential application in Cd*?and Ni*? ions
decontamination from aqueous effluents and that pretreatment further enhances
biosorption.
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