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ABSTRACT: The Caribbean has seen the influx of Sargassum, affecting the livelihood of communities. Sodium alginate
extracted from Sargassum is known for its cross-linking properties, making the seaweed attractive as an adsorbent. Hence, the
use of calcium alginate thin films can decrease the mass transfer resistance found in commonly used alginate beads, resulting in
increased adsorption efficiency. This Article discusses the potential of calcium alginate thin films for Pb**, Cu**, and Cd** ion
adsorption. Pb**, Cu?*, and Cd** adsorption fitted the Langmuir isotherm well with capacities of 0.80, 0.10, and 0.02 mmol of
metal/g, respectively, for Sargassum. Kinetic studies showed that the ions followed the pseudo-second-order model, elucidating
that ion exchange governed adsorption. Furthermore, NMR characterization showed that G-block monomers influenced kinetic
parameters and selectivity in the following order: Pb** > Cu** > Cd*".

1. INTRODUCTION

Heavy metal ions such as Pb**, Cu®*, and Cd**, even at low
concentrations, pose serious sanitary and ecological concerns.
Recently, industrial activities such as gasoline production have
increased lead concentration, which affects the physiological
processes of plants and increases the reaction of oxygen in
species resulting in growth suppression.l Copper can enter the
environment through activities such as mining, leading to
negative effects on the gastrointestinal systems and vital organs
such as the liver.” Cadmium has a high soil to plant transfer
and as a result can be found in food, which results in damage to
the kidney and bones.” The removal of these ions provides
clean water, and these sequestered metals can be recovered for
economical interest.”® Therefore, a wide range of methods has
been developed for the removal of heavy metals from solutions,
including chemical precipitation,6 ion exchange,7 adsorption,
cementation, and electrolysis..8 These methods often involve
chemicals, which may be energy intensive processes and, in
some cases, ineffective at high concentrations.”'® The use of
biomass as a potential adsorbent for the removal of these heavy
metal ions could serve as an inexpensive and effective means of
water treatment.""

-4 ACS Publications  © 2018 American Chemical Society

1417

Alginate, which can be extracted from the walls of brown
seaweed, is a natural linear polysaccharide copolymer. It
consists of two uronic acids: -p-mannuronic acid (M) and a-
L-guluronic acid (G).'” The presence of these blocks in various
ratios and molecular weight alters the physiochemical proper-
ties. The alginates that are rich in L-guluronate form strong but
brittle gels, and those rich in pD-mannuronate are weaker but
more flexible."> These physiochemical properties vary depend-
ing on the type of seaweed and the geographical location.
Sargassum natans (S. natans) is an invasive brown seaweed
which has besieged Caribbean coastlines. S. natans has
negatively impacted marine ecosystems resulting in a decrease
in economic activities such as tourism and fishing.'* Due to its
abundance and invasive nature, there is an urgent need for its
utilization as a possible beneficial raw material. Commercial
alginates are usually extracted from brown seaweed such as
kelps or Laminariales. These alginophytes are usually cultivated
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for the production of alginates, while S. natans are in
abundance naturally."’

Sodium alginate can be cross-linked with the addition of
divalent ions, which leads to gelation due to the interaction
between the carboxylate group and the divalent ion.'® The
most popular cross-linker is calcium, which is known to form
the “egg box model”. Calcium forms a permeable gel with a fast
gelation rate.'” In this model, the M and G blocks form a
three-dimensional mesh which resembles the way in which
eggs are held in an egg carton.'® In the various junction zones
of the egg box model, there exists an overall dimer shape that
allows for the entrapment of ions/cells."” Alginates extracted
from S. natans are known to have a low M:G ratio of
approximately 0.47 and a high G-block content, resulting in a
strongly cross-linked matrix and the formation of a stiff gel.”>*"
In addition to calcium ions, alginate also has a large affinity for
divalent ions such as Pb**, Cu®**, and Cd**, which increases
with increasing G block content.”” A study has shown that
alginate is an electronegative host for divalent cations due to its
ability to bind with the carboxylic group of the polyguluronic
chain.® The interactions between the metal ion and the
carboxylate group in the cross-linked alginate film resembles a
unidentate coordination mode. However, there have been
reports of bidentate chelating and bridging coordination.”

Nonliving biomass such as Sargassum angostifolium has been
utilized for metal uptake, due to the different metal-adsorptive
moieties present on or in the cell wall; these usually include the
carboxylate and sulfonates group.””** Both methods have
exceptional adsorption properties for multiple metal ions. This
concept has been utilized in past research, through the use of
calcium alginate beads and brown seaweed biomass. These
calcium alginate beads are made using extrusion dripping. A
study done recorded the highest maximum adsorption capacity
using pure calcium alginate beads from Laminaria digitata as
1.80, 1.79, and 1.53 mmol g™ for Pb*, Cu®', and Cd**,
respectively.” In an effort to optimize uptake, heavy metal ion
gelation with alginate has also been explored and resulted in
increased adsorption capacities of 2.10, 2.62, and 1.60 mmol
g~ for Pb**, Cu**, and Cd***” This maximum adsorption
capacity is dependent on the loading and the properties of the
alginate as well as the type of biosorbent.”” This has led to
studies being carried out to increase the adsorption capacity by
using different types of bioadsorbents such as composite beads
and membranes.

Thin films have proven to be more attractive for heavy metal
ion remediation than other forms of adsorbents. For instance,
titanium dioxide (TiO,) thin films exhibit greater efficiencies
when compared to TiO, powders as ion exchange adsorbents
due to its enhanced mass transfer properties.”*”” As the film
becomes thinner, there is an increase in diffusion across the
film due to a decrease in the resistance to mass transfer
according to Fick’s second law.”® Thin film coatings have also
been used on inert materials for the adsorption of Pb*" and
compared to calcium alginate beads.”® It was found that
alginate coating had a higher binding capacity and attained
equilibrium faster than the beads. The use of calcium alginate
thin films from waste brown seaweed S. natans for heavy metal
sorption has not been considered in past research and, hence,
presents the novel contribution in the area of wastewater
treatment. In this work, we report the potential of calcium
alginate thin films derived from waste S. natans as an effective
adsorptive surface for Pb**, Cu®*, and Cd**.
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2. MATERIALS AND METHODS

2.1. Materials. Alginate thin films were fabricated from
sodium alginate purchased from Sigma-Aldrich (W201502,
USA), Protanal GP 5450 and Manugel DMB (donated by
FMC Biopolymer), and sodium alginate extracted from S.
natans. Calcium chloride dihydrate (ACS reagent, purity
>99%, Sigma—Aldrich) was used as the cross-linker. Atomic
Absorption standard solutions (Analytik Jena, USA) for Pb**,
Cu?", and Cd*" were used for preparing standards and were
tested using an Analytikjena novAA 300 spectrometer. Nuclear
Magnetic Resonance (NMR) samples were prepared using
hydrochloric acid (JT Baker, USA), NaOH (Rasayan
Laboratory, USA), deuterium oxide (D,O 99.9%), sodium
deuteroxide (NaOD, 99%), and triethylenetetraminehexaacetic
(TTHA) acid (>98%) purchased from Sigma-Aldrich.

2.2, Fabrication of Calcium Alginate Thin Film.
Sodium alginate solutions with a viscosity of 4000 cP were
prepared by dissolving sodium alginate in deionized water at
concentrations of 2.40% (w/v) for Protanal, 3.51% (w/v) for
Manugel, 7.00% (w/v) for Sigma, and 9.33% (w/v) for S.
natans, respectively, under constant stirring at 2000 rpm. The
sodium alginate solution was then deaerated for 30 min using
sonication prior to casting onto a glass sheet using a manual
casting knife with a fixed height of 1 mm, followed by drying at
60 °C for 2 h until a thin sodium alginate film (<100 ym in
thickness) was formed. The thin sodium alginate film was then
cooled to room temperature prior to immersing into 3 L of 7%
(w/v) CaCl, bath for 15 min. The calcium alginate film was
then washed with deionized water, cut into discs of 3.5 cm in
diameter using a surgical scalpel, and fixed onto Whatman
Filter paper (Grade 1) as a support for subsequent use.

2.3. Investigation of the Adsorption Properties of
Calcium Alginate Thin Films. 2.3.1. Adsorption Study. The
average thickness and mass of the calcium alginate thin films
prior to each run were determined. Pb** solutions were
prepared within the concentration range of 10—150 ppm, while
solutions for Cu®* and Cd** were prepared within the
concentrations of 5—100 ppm. The pH was roughly 3.0 for
all solutions. Batch experiments were carried out by pipetting 5
mL of each heavy metal concentration into 25 mL beakers and
simultaneously inserting the calcium alginate films for S h at 22
°C. After the reaction time elapsed, the films were removed,
and the remaining solution was diluted and analyzed using
atomic absorption spectroscopy. All experimental runs were
carried out in triplicates. The heavy metal uptake was
determined using the following expression

|4

=(C,—C) X ————
9. = (G- ©) RMM X m

(1

where g, (mmol/g) is the mass of metal ions adsorbed per unit
volume of the thin film, and Cy (mg/L) and C (mg/L) denote
the initial and final concentration of the solution. m (g) is the
mass of each film, and V (L) denotes the volume of the heavy
metal ion solutions, respectively. RMM is the relative
molecular mass (g/mol). A control experiment was carried
out to quantify the specific adsorption of heavy metals by the
Whatman filter paper support. It was found that the heavy
metal uptake was negligible compared to the calcium alginate
films for all heavy metal ions.

2.3.2. Isotherm Study. Langmuir isotherm can be used for
adsorption onto a flat surface as long as Henry’s Law holds
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Figure 1. FTIR of Cd-, Cu-, Pb-, Ca-, and Na-alginate for (A) Manugel, (B) Protanal, (C) Sigma, and (D) Sargassum for wavenumber 1375 to

1700 cm™L

constant. The adsorption isotherm of various heavy metal ions
by calcium alginate thin films was quantified using

qma_xklce
9.= T, .~
¢ 1+ kC, (2)
where C, is the equilibrium concentration remaining in
solution (mmol L™" of aqueous solution), g, is the maximum
monolayer capacity (mmol g™'), and k; is the equilibrium
constant.” The Freundlich isotherm is a power law function,
which can be applied to cases where there is adsorption onto
energetically heterogeneous surfaces”

1
9, = KeCQZ 3)
where Kg is the Freundlich constant related to the amount of
metal ions adsorbed, in the unit of (mmol g~')(mmol L™")"/*,
and n is the sorption intensity.

2.3.3. Kinetic Study. Kinetic data was obtained using a
similar procedure to the isotherm studies. This was done by
varying the time taken (within 1—360 min) for a solution of 50
ppm Pb*, Cu®', and Cd** at 22 °C to be adsorbed. The
pseudo-second-order model was used to determine the role of
kinetics in the adsorption of ions by the film

kzqezt
4

1+ kyqt (4)
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where g, is the metal concentration (mmol g™') at time t
(min), g is the metal concentration (mmol g™') removed at
equilibrium, and k, is the pseudo-second-order rate constant of
sorption (g mmol™! min~").

The Weber Morris model was used to determine the
mechanism involved in the adsorption of heavy metal ions
onto calcium alginate films”

g, = K/t (s)
where K, is the intraparticle diffusion rate (mmol g~' min™*?).
If the plot yields a straight line with a nonzero intercept, then
intraparticle diffusion would not be the only rate-limiting step
involved in the adsorption process.** ¢

2.3.4. Selectivity Analysis. To quantify the selectivity of
calcium alginate thin films, a mixed solution of 50 ppm Pb**,
Cu®, and Cd** was first prepared. The respective calcium
alginate thin film was then placed in the solution for S h, after
which a sample was taken, diluted, and analyzed using atomic
absorption spectroscopy. Selectivity was calculated according
to the equation below

M,

Selectivity of A = ———
M, + My + M,

(6)

where M, is the mass (mg) of component i adsorbed.
2.4. Characterization of the Calcium Alginate Film
and Equilibrium Solution. 2.4.1. Fourier Transform
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Table 1. V,,,,(COO"), V,,,,(COO~), and AV(COO~) for Manugel, Protanal, Sigma, and S. natans
Protanal Manugel Sigma S. natans
Vi Vo AV Vi Vo AV Vi Vo AV Ve Vo AV
Cd 1596 1421 191 1604 1420 184 1595 1422 173 1593 1420 173
Cu 1605 1418 187 1603 1422 181 1600 1418 182 1594 1416 178
Pb 1588 1420 168 1602 1418 184 1599 1418 181 1599 1416 183
Ca 1596 1418 178 1598 1417 181 1596 1419 177 1598 1417 181
Na 1603 1412 191 1602 1416 186 1603 1413 190 1611 1395 216
B4
B3 c
A
B2
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/\\ |\ [\
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Figure 2. NMR characteristic peaks for Manugel, Sigma, and Protanal with peaks A (G), B1(GGM), B2(MGM), B3(MG), B4(MM), and C(GG).

Infrared Spectroscopy (FTIR). The spectra were recorded
using a PerkinElmer Spectrum 400 FT-IR/FT-NIR spectrom-
eter equipped with a universal ATR sampling accessory. The
spectra were collected in the range of 650 to 4000 cm™ with a
resolution of 4 cm™. A total of 64 scans were used to obtain
each spectrum.

2.4.2. Nuclear Magnetic Resonance (NMR). NMR analysis
was done according to ASTM F2259-10 (2012). A 0.1% (w/v)
sodium alginate solution was depolymerized using 0.1 M
hydrochloric acid at a pH of 5.6. The solution was then heated
for 1 h at 100 °C in a water bath. The pH was readjusted to 3.8
and placed into the water bath for a further 30 min. After this
step, the pH was then adjusted to 7 by titrating the solution
with a 0.1 M sodium hydroxide solution, followed by freeze-
drying overnight. Approximately 10—12 mg of the freeze-dried
sample was dissolved in S mL of D,O. Prior to NMR, 0.7 mL
of the alginate and 40 yL of 0.15 M TTHA were added to an
NMR tube. H NMR spectra were obtained from a NMR
Bruker AVANCE 600 MHz spectrometer operating at 80 °C
and 20 Hz using a standard one-dimensional pulse program, a
frequency of 600 MHz, a spectral window of 6 kHz with a 90°
pulse angle, and an acquisition time of 5.453 s, collecting
65536 data points. 64 scans were accumulated for signal
averaging. The chemical shifts of the anomeric proton signals
were done according to the ASTM-F2259-10 method with A
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(guluronic acid anomeric proton), Bl (H-S proton of the
central guluronic acid residue in a GGM triad), B2 (H-S
proton of the central guluronic acid residue in a MGM triad),
B3 (anomeric proton of the mannuronic acid residue
neighboring a mannuronic acid), B4 (anomeric proton of the
mannuronic acid residue neighboring a guluronic acid), and C
(guluronic acid proton S) at 5.2, 4.78, 4.75, 4.71, 4.68, and
4.48, respectively. The amount of G block and M block present
is calculated using:

G = 0.5(A + C + 0.5(B1 + B2 + B3)) (7)

M = B4 + 0.5(B1 + B2 + B3) (8)

3. RESULTS AND DISCUSSION

3.1. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR analysis was carried out to identify the groups involved
in the metal-alginate interaction for the commercial and
extracted alginates (Figure 1). The wavenumber at 1600 cm™
corresponds to the asymmetric stretching vibration (Vasym
COO™) of alginates, while the wavenumber at 1400 cm '
corresponds to the symmetric vibration (V,, COO~). The
asymmetric peak usually appears with a stronger intensity.'

Past studies have confirmed the existence of bidentate
bridging coordination for the binding of sodium to the
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carboxylate group (free or available carboxylate ion). Models
have proposed that the electronegative cavity (binding site) is
created by a pair of guluronic acids. Within this structure, the
oxygen atoms are involved in the coordination of the metal
ion.” The nature of the ligand—metal interaction is highly
sensitive to the type of coordination which occurs. Past studies
have indicated that a relationship exists between the differences
in the frequencies of the asymmetric and symmetric peaks [AV
= V(COO_)asym - V(COO_)Sym] with respect to the free
carboxylate ion, giving insight into the type of coordination
occurring: ™

Bidentate chelating: AV(COO") < < AV(COO )y,

complex

Bidentate bridging: AV(COO") ~ AV(COO )y,

‘complex

Unidentate: AV(COO") > > AV(COO )y,

‘complex

From Table 1, it can be seen that AV determined for the
metal-alginate films fabricated from all brands differs from its
free carboxylate by an insignificant value (ie, <200 cm™).
This infers that the metal—ligand interaction results in similar
coordination to its sodium-ligand interactions, and thus it can
be postulated that bidentate bridging coordination occurs.”

3.2. Nuclear Magnetic Resonance (NMR). Alginate
consists of f-p-mannuronate (M) and C-S epimer a-L-
guluronate (G) linked by (1 — 4) glycoside bonds. By
understanding parameters such as the M:G ratio and the
amount of guluronic acid present (Fg), the potential and
purpose of the alginate become clearer. The commercial
sodium alginate brands were found to have similar chemical
shifts (Figure 2). These chemical shifts were also similar to
those found for alginate extracted from S. natans.”’ M:G ratios
were calculated from eqs 7 and 8 and are shown in Table 2.

Table 2. Uronic Acid Compositions and the M:G Ratio for
Alginates Types Used”

Fg Fy M:G ref

Manugel 0.56 0.44 0.79 this study
0.71 41

Protanal 0.37 0.63 1.71 this study
1.86 57

Sigma 0.44 0.56 1.29 this study
1.60 58

S. natans 0.66 0.34 0.51 39

“F; = G/(M+G), Fyy = M/(M+G), and M/G = (1-F;)/F.

Alginates that have low M:G ratios are expected to form strong
but brittle gels and can therefore be used for environmental,
biomedical, bioremediation, and encapsulation purposes due to
its high G-content.*” Alginate extracted from S. natans has a
high G-block content and therefore is expected to have a high
propensity for heavy metal ions. When cross-linked with
divalent ions, the existence of M—blocks affects the gel formed
due to cooperative binding.*' Past studies have shown that
elastic gels are formed when GG < MM < MG, and stiff gels
are formed when MG < MM < GG.?" It can be elucidated that
sodium alginate extracted from S. natans will form a stift gel,
resulting in the formation of a strong film with a high
selectivity for heavy metal ions.

3.3. Adsorption Characteristics. Figure 3 summarizes the
concentration of heavy metal ions (Pb**, Cu®*, and Cd**)
adsorbed by the calcium alginate thin films as a function of
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concentration remaining in solution. It can be seen that the
concentration adsorbed increases with increasing the remain-
ing concentration. The Langmuir and Freundlich isotherms are
typically used to model adsorption processes. The nonlinear
plots reflect a Langmuir type adsorption process; that is a
steady increase, until a saturation point is reached. In addition,
the Langmuir plots resulted in higher linear regressions (R* >
0.95) than the Freundlich isotherm (R* < 0.95); therefore, the
Langmuir model was used as a suitable fit for the adsorption
process.

S. natans has the highest G-blocks concentration (Fg) and
the lowest M:G ratio as shown in Table 2, thus having the
largest amount of preferred binding sites. The converse is true
for Protanal. Using the linearized Langmuir model (eq 3), S.
natans had the highest maximum monolayer adsorption for
Pb**, followed by Sigma, Manugel, and Protanal (see Table 3).
At the saturation point, the film has reached its maximum
capacity regardless of the free ions available for adsorption.

A similar trend is observed for Cu** but not Cd**, which had
the lowest adsorption capacity for S. natans. This can be
explained by looking at the M-block concentrations (Fy)
shown in Table 2. Previous studies done have shown that an
increase in the M:G ratio results in increased Cd** adsorption
capacity, but an increase in the G-block concentration had no
effect. This is due to the similarity in ionic radius of calcium
and cadmium, which is critical for steric placement, and the
rigidity of the GG linkage."" This gives cadmium an ability to
distinguish between binding sites, and thus a preferential
binding to the M-block can be expected.”®

In the comparison of the maximum adsorption capacities in
Table 3, it can be seen that Pb** has the highest capacity
followed by Cu** and Cd**. The electronegativity, ionization
energy, and acidity of Pb**, Cu**, and Cd*" are summarized in
Table 4. Pb** has the lowest ionization energy which implies
that the enthalpy associated with the ion exchange reaction is
low.** Furthermore, Pb** has the highest electronegativity,
which is an indication of the ease for which charges can travel
within solution, thus allowing for binding and the formation of
metal-alginates. Hence, Pb** corresponds to the highest
adsorption capacity due to its ability to take part in ion
exchange/adsorption.”>** This explanation also corroborates
with the results shown with Cu®>" and Cd**. Furthermore, the
hard—soft-acid—base theory can be used to validate the metal
affinity. This theory states that hard acids preferentially bind
with hard bases and soft acids preferentially bind with soft
bases. Pb*>" and Cu’* are categorized as intermediate acids and
Cd?*" as a soft acid. Thus, Pb** and Cu** bind more readily to
the carboxyl group which is considered a “hard” base.””**
Hence, the strength of metal binding based on the acidity and
electronegativity is as follows: Pb**> Cu** > Cd*".*

The selectivity of a metal ion is an indicator of the strength
of binding of the heavy metal ion to a surface, by displacing
lighter ions (K*, Ca?*, Mg*"). From Figure 4, it can be seen
that the selectivity of heavy metal ions follows the trend of
Pb** > Cu®* > Cd*' regardless of the type of alginate used.
This selectivity is directly related to the affinity of the metal
ions.*”* The increased adsorption capacity increases with
increasing affinity, thus a greater bond strength is obtained,
providing more stable metal-alginate complexes.”” Films
produced from S. natans have the highest selectivity for Pb*"
and the second highest selectivity for Cu®* and Cd*".
Furthermore, by comparing the adsorption performance
(Table 3), it can be inferred that films fabricated from S.
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Figure 3. The adsorption characteristics of all brands of sodium alginate for (A) Pb** (B) Cu*, and (C) Cd*" ions.

Table 3. Mean Parameter Data for Cu**, Cd**, and Pb*>* Adsorption”

Langmuir isotherm

Freundlich isotherm

max. adsorption, g, X 1072 dissociation Freundlich capacity, Kz X 1072
ion brand R? (mmol g_‘P constant R? (mmol g™')(mmol L")~/ intensity, n
Pb**  Manugel  0.99 13.8 0.65 0.97 6.05 121
Protanal 0.98 8.8 1.69 0.95 6.32 121
Sigma 0.98 12.7 2.30 0.84 8.71 1.96
S. natans 0.99 79.8 0.32 0.79 8.5§ 1.73
Cu** Manugel 0.97 7.5 2.84 0.81 1.03 1.81
Protanal 0.96 5.6 119 0.92 3.51 1.42
Sigma 0.96 7.4 2.12 0.94 6.35 1.42
S. natans ~ 0.96 10.1 0.89 0.98 6.44 1.11
Ccd* Manugel 0.95 32 15.06 0.63 7.81 1.94
Protanal 0.98 2.4 24.36 0.96 3.51 3.48
Sigma 0.99 42 19.17 0.85 9.00 1.86
S. natans 0.98 19 61.94 0.93 2.89 2.54
“Coefficient of variance measured was <5%.
Table 4. Properties of Pb**, Cu®*, and Cd** Tons** 100 — DT
electronegativity ionization energy [ | Protanal
metal (Pauling’s) (kJ/mol) acidity 80 - Il Sigma
[ Sargassum
Pb* 2.33 1450 intermediate
Cu? 1.9 1957 intermediate T 60
ca 17 1631 soft >
2
g 40
natans follow similar trends in metal affinity as the commercial *
alginates, with high adsorption capacities. This highlights the 20
potential of S. natans, an invasive and waste brown seaweed, as
an adsorbent for these heavy metal ions.
3.4. Kinetic Studies. The use of kinetic models can be 0- Pb Cu cd
applied to predict the binding mechanism involved in the ) N e s b ' '
sorption process, as well as insight into the adsorption rate.”>*’ Figure 4. Selectivity of Pb™, Cu™, and Cd™ with varying alginate

Typically, models used are the pseudo-first-order and pseudo-
second-order along with the Weber Morris model. The
pseudo-first-order typically holds for boundary layer diffusion,
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brands.
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Figure 5. Concentration adsorbed against time for (A) Pb*, (B) Cu®*, and (C) Cd*" ions.

Table 5. Mean Parameter Data for Kinetic Models for Cu®*, Cd**, and Pb***

pseudo-second-order

Weber Morris model

equilibrium capacity, g,, (mmol g™')  rate constant, k,, (g mmol™' min™") diffusion rate, kg, (mmol g~' min~"/?)
ion brand x 1072 x 107! R? x 1073 R?
Pb** Manugel 342 7.65 0.97 1.63 0.98
Protanal 3.90 7.64 0.98 1.84 0.97
Sigma 2.93 9.50 0.99 142 0.97
S. natans 1.61 23.27 0.99 0.76 0.93
Cu** Manugel 8.44 §1.01 1.00 3.93 0.88
Protanal 5.84 48.77 0.96 2.61 0.93
Sigma 3.96 73.87 0.99 2.00 0.93
S. natans 545 70.71 0.98 231 0.99
Cd**  Manugel 3.53 160.82 0.99 1.46 0.89
Protanal 1.88 611.20 0.99 0.70 0.65
Sigma 3.76 121.47 1.00 1.78 0.90
S. natans 2.50 149.76 0.99 1.25 0.86

“Coefficient of variance measured was <5%.

while the pseudo-second-order holds for reactions and
electrostatic forces.” Hence, if adsorption is governed by ion
exchange, the pseudo-second-order fit can aid in explaining the
phenomena. Kinetic studies previously conducted have shown
that the pseudo-second-order was found to fit the adsorption
of divalent metal ions and the release of calcium ions from an
alginate surface.””> A pseudo-second-order fit implies that a
chemisorption process occurs.”’ During ion exchange between
metal ions and the calcium alginate film, chemisorption occurs
as the calcium ion is released and the metal ion is adsorbed.
The chemisorption site occurs where the covalent bonding
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between the carboxyl groups creates sites for metal ion sharing
or exchange.52

From Figure S, it can be seen that the concentration
adsorbed increases rapidly at the start of the experiment and
then decreases, until the film becomes saturated. In this study,
the linearized pseudo-second-order (eq S) fits the adsorption
process for all types of alginates as shown in Table 5 (R* >
0.95), and hence it can therefore be deduced that ion exchange
governs the binding mechanism.

Fick’s law implies that a decrease in thickness and a large
interfacial area can enhance diffusion across a barrier.”> Thin

DOI: 10.1021/acs.iecr.8b03691
Ind. Eng. Chem. Res. 2019, 58, 1417—-1425


http://dx.doi.org/10.1021/acs.iecr.8b03691

Industrial & Engineering Chemistry Research

films have been known to support a faster rate of removal of
ions and hence a larger adsorption capacity.”” Of all the
calcium alginate films investigated, Protanal was the thinnest
(0.037 mm), followed by Manugel (0.068 mm), Sigma (0.100
mm), and S. natans (0.131 mm). This variation in thickness
was as a result of varying initial sodium alginate concentrations
in water. Therefore, as shown in Table 5, Protanal was
observed to give high equilibrium adsorption capacities of 3.90
and 5.84 X 107> mmol g~' for Pb*" and Cu*', respectively.
Conversely, S. natans, which had the thickest film, resulted in
low equilibrium adsorption capacities. An increase in the
kinetic rate constants as the alginate increases in concentration
is observed due to the increase in G-blocks. S. natans has the
highest G-block concentration which results in ions moving
quickly to the binding sites.”® This results in rapid saturation
from the outside to the inside. This fact coupled with the film
thickness leads to a low overall uptake and a low equilibrium
adsorption capacity.” However, this large kinetic rate due to
the increased G-block concentration results in a high
monolayer adsorption capacity as shown in Table 3.>*

The linear fit of the Weber Morris model (eq 6) as shown in
Table § signifies that diffusion was involved in the biosorption
process but it was not the rate controlling step.’®>> The
diffusion rate is dependent on thickness, and thus it can be
observed that Protanal has the highest diffusion rate.”” Surface
adsorption can explain the low R®> (see Table 5) values
reported which places the rate-determining step as external
film diffusion.”>*® The external diffusion of Cd** to the surface
of the film is dependent on the sites available for binding and
thus increases with increasing M-block concentration. Thus,
Pb*" has the highest diffusion rates, followed by Cu®" and
cd*.

4. CONCLUSION

This paper investigates the adsorption potential of calcium
alginate thin films derived from Sargassum natans. It was found
that the adsorption process followed the Langmuir isotherm
for Pb**, Cu®*, and Cd**, with a high adsorption capacity and
selectivity in the following order: Pb** > Cu®" > Cd**. Films
produced from S. natans gave high kinetic rates due to
increased G-block concentration resulting in low equilibrium
adsorption capacities. Furthermore, rate kinetics followed the
pseudo-second-order model suggesting that adsorption was
strongly governed by ion exchange, with diffusion and binding
coordination playing a major role. The results of this study
provide insight into applying calcium alginate thin films from S.
natans as a successful biosorbent for the adsorption of heavy
metal ions.
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