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ARTICLE INFO ABSTRACT

Article history: Spongomorpha pacifica biomass was evaluated as a new sorbent for Mo"! removal from aqueous solution.
Received 28 November 2014 The maximum sorption capacity was found to be 1.28 x 10° +1 x 10* mg kg~ at 20 °C and pH 2.0. Sorp-
Accepted 14 January 2015 tion kinetics and equilibrium studies followed pseudo-first order and Langmuir adsorption isotherm

Available online 24 January 2015 models, respectively. FTIR analysis revealed that carboxyl and hydroxyl groups were mainly responsible

for the sorption of Mo"!. SEM images show that morphological changes occur at the biomass surface after
Keywords: Mo"! sorption. Activation parameters and mean free energies obtained with Dubinin-Radushkevich iso-
g/é?_i)i?:;num therm model demonstrate that the mechanism of sorption process was chemical sorption. Thermody-
Green seaweed namic parameters demonstrate that the sorption process was spontaneous, endothermic and the
Contamination driven force was entropic. The isosteric heat of sorption decreases with surface loading, indicating that

S. pacifica has an energetically non-homogeneous surface. Experimental breakthrough curves were sim-
ulated by Thomas and modified dose-response models. The bed depth service time (BDST) model was
employed to scale-up the continuous sorption experiments. The critical bed depth, Z; was determined
to be 1.7 cm. S. pacifica biomass showed to be a good sorbent for Mo"! and it can be used in continuous
treatment of effluent polluted with molybdate ions.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction
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start of protein synthesis. Nevertheless, it is harmful at high levels.
It appears to be toxic when its concentration in plants is higher
than 5 pug g~', whereas potential toxicity for ruminants equals to
10 g g~' [2,3]. Owing to its high melting point, high strength at
higher temperatures, good corrosion resistance and high thermal
conductivity, molybdenum is widely used in a variety of industrial
processes, such as the production of metal alloys [4]. A risk of toxic
exposure of workers in these industrial fields exists and environ-
mental contamination near the industrial plants may be possible
[5]. Molybdenum occurs principally in the hexavalent oxidation
state as molybdate (MoO3™) ions, which form condensed species
in acid media [6]. In strongly acidic solutions, molybdenyl cations
(Mo02%") are present |[7]. The concentration of molybdenum in sea-
water was reported in the range of 6-20 ug L~! [8] and in mineral
waters in the range of 0.25-1.0 ug L~! [9], far below the drinking
water guidelines (70 pg/L) [10].

Molybdenum naturally occurs in various ores, especially molyb-
denite (MoS,) [11,12]. Most Mo compounds have very low solubil-
ity in water [13]; however, they are easily oxidized to produce the
more soluble molybdate ion (MoOZ~), which can be stable in the
absence of a reducing agent.

Water soluble molybdate anions cause an environmental prob-
lem if their concentration exceeds 5 ppm [14,15]. Molybdenum in
soils is primarily in the oxoanion form and is chemisorbed by iron
oxides, noncrystalline aluminosilicates, organic matter, and to a
lesser extent, by layer silicate clays [11]. Under reducing condi-
tions, molybdenum is easily bioaccessible by formation of soluble
thiomolybdates, e.g. MoS;3~ and Mo00,S5~. Phosphate as well as
organic acids additions to soil may release MoO3~ from binding
sites [5].

Pollution by molybdate oxoanions in groundwater represents a
serious issue in the field of drinking water obtained from wells
[16]. For example, Mo is present in 32.7% of surface water samples
from 15 major river basins in the USA, at concentrations ranging
from 2 to 1500 pg L' (mean 60 pg L~ 1). In addition, elevated Mo
concentrations are reported in many mine wastes and mill tailings
from North America where concentrations range from a few mg
L' up to 800 mg L' [17].

Therefore, the search for suitable methods for groundwater/
wastewater treatment against toxic oxoanions becomes very chal-
lenging. Coprecipitation [ 18] and reverse osmosis [19] are methods
used for these treatments but they need various and complicated
equipments and reagents. Simple sorption techniques have also
been reported for the removal of molybdate from aqueous solution
using different sorbents like ZnCl, activated coir pith carbon [12],
pyrite [20], carbon cloth [21], natrolite and clinoptoliterich tuffs
[22], orange peel [23], nano-ball allophone [24], y-Al,03 [25], mag-
netic chitosan resins [26], goethite [27], hematite [28], and modi-
fied bentonite [29].

The aim of this study is to evaluate Mo"! sorption from aqueous
solution in batch and column system using green seaweed biomass
as sorbent. The sorbent was selected because of its natural abun-
dance and low cost of obtaining in countries near the seas and
the multiple functional groups present in its surface capable of
binding Mo"" species. These characteristics make this sorbent a
better choice for being employed in treatment of Mo"' contami-
nated waters. In fact, no other studies employing seaweeds in
treatment of Mo"' contaminated waters were reported. The sorp-
tion process has been investigated modifying different experimen-
tal parameters like pH, sorbent dosage, contact time and
temperature. The competition of different anions onto Mo"! sorp-
tion was also studied. The evaluation of sorption equilibrium and
dynamics characteristics was done by using theoretical models in
order to design and control the sorption process units. For that rea-
son, equilibrium sorption data were applied to Langmuir, Freund-
lich and Dubinin-Radushkevich sorption models. Particle

diffusion simple first order and pseudo first order rate equations
were used to describe sorption kinetics. Activation energy, mean
free sorption energy, and thermodynamic parameters like AG®,
AHe and AS° were also calculated. In addition, Mo"" sorption was
examined by FT-IR (Fourier transformed-Infrared spectroscopy),
Scanning electronic microscopy (SEM) and Energy Dispersive X-
ray Analysis (EDAX). Finally, green seaweed has been employed
for removal of Mo"' in a fixed-bed column. Some common theoret-
ical models have been applied to fit the breakthrough curves.

2. Materials and methods

All chemicals used were of analytical reagent grade and were
used without further purification. All solutions and seaweed sus-
pensions were prepared using Milli-Q water. Mo"' solutions of dif-
ferent concentrations were prepared by dissolving the proper
amount of Na,MoO,4-2H,0 (Sigma, p.a.) in water.

2.1. Biomass and pretreatment

Spongomorpha pacifica was collected at Puerto Madryn, Rio
Negro, Argentina. The seaweed was carefully washed with mono
distillate and Milli-Q water to remove salts, sand and microorgan-
isms, which may interfere with the obtained results. Then, the
material was dried in an oven at 40 °C for 24 h, crushed in a lab mill
and sieved to obtain fine particles (0.5 < size < 1.2 mm). The result-
ing material was stored in a dry environment at room temperature.
For determining the pH value at point of zero charge (pHpzc),
0.10 g of biomass was put into contact with 0.10 M NaNOj solution
with different pH values (1.6-7.0). The suspensions were agitated
for 24 h (250 rpm). The change of pH (ApH) was calculated as a dif-
ference between the initial pH and the equilibrium pH values. The
pHpzc was identified as the initial pH with minimum ApH [30].

2.2. S. pacifica fixed in agar

A predetermined amount of seaweed biomass (size < 0.5 mm)
and 10.0 ml of agar solution (20.0 g L~!) previously heated, were
added in a beaker. The suspension was mixed and transferred to
a Petri dish of known mass and dimensions. Once the seaweed/
agar suspension solidified, the matrix obtained was cut into
0.5 cm x 0.5 cm squares, which were stored in Milli-Q water in
the refrigerator for later use.

2.3. Experimental design strategy. Screening design

In many cases there may be a lot of factors that seems to be
important, but in reality only a few of them control the response
in a significant way. The primary goal of screening designs is to
identify the few factors or key variables that influence the response
[31]. It is necessary to reduce the number of experiments and save
time and cost. For this reason, a full 23 factorial design was per-
formed. The factors considered were pH of solution, sorbent mass
(m), and contact time (t). Table 1 shows the factors and their levels.

Table 1
Independent variables and their levels used for 23 factorial design.”

Variables Symbol Range and levels

-1 +1
Sorbent dosage (gL ') m 2 20
Contact time (min) t 5 120
pH pH 1 6

2 [MoOZ ]o = 3.36 mM; batch volume = 10.0 mL; T=20 °C.
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The design also has three replicates at the center point, allowing us
to check curvature in the response surface model [32,33].

2.4. Response surface design

The response surface approach is desirable to find a mathemat-
ical model capable of predicting the response. The optimized
model was obtained by using the Central Composite Design
(CCD) [34]. To do this, one should measure the response at some
points of the working domain. The selection of these experimental
points needs prior knowledge and should be done carefully to map
the experimental domain correctly. Through running CCD, a
regression model was fitted to the response (mg MoO3~ sorbed/g
biomass). Such tests as lack of fit, analysis of variances (ANOVA),
analysis of residuals distribution, over-fitting test, and coefficient
of determination (R?) were used to check the adequacy of the
model [31,35]. All of the statistical and mathematical calculations
were done by using Design Expert V. 7.0 software. Optimal condi-
tions for sorption can be obtained by a visual or mathematical
technique and compare theoretical and experimental responses,
when a suitable model has been found.

2.5. Metal sorption experiments

The sorbent was suspended in solutions containing Mo"! whose
concentrations were set according to experimental design method-
ology. The seaweed dose in the solution was in the range of
2.0+0.2 gL . The seaweed/metal suspension was gently agitated
(75 rpm) at controlled temperature. The pH of the solution was
adjusted to the desired value by adding H,SO4 1.0 M. After a deter-
mined time, samples were taken from the solutions, and the Mo""!
concentration in the supernatants was determined spectrophoto-
metrically at 400 nm by using a double-beam UV-vis spectropho-
tometer (JASCO V-550 model) after complexation with catechol in
basic medium [36].

Kinetic studies were carried out in a glass beaker with magnetic
stirring at three temperatures (20, 30 and 40 °C). 0.020 g of bio-
mass was added to 10.0 mL of Mo"" solution and keeping the sus-
pension at constant pH throughout the experiment (pH 2.0). The
assays were carried out at three different Mo"' concentrations
(0.010; 0.015 and 0.020 M). Samples (100 pL) of supernatant were
taken at suitable time intervals and then analyzed for Mo"! concen-
tration. Metal uptake at different adsorbent- solution contact times
(g, mg g~') was calculated using the general definition, Eq. (1):

 CoVo -GV,
1= m

(1)

where Cyand C; are the MoO3~ concentrations in solution (mg L~) at
time 0 and t, respectively, Vy and V; are the solution volumes (L) at
time 0 and t, respectively, and m is the mass of the sorbent used (g).

Isotherm assays were carried out at three different temperature
values (20, 40 and 60 °C) by varying the initial concentration of
metal from 0.10 to 50.0 mgL~"' (sorbent dosage=2.0gL~!, pH
2.0). After reaching equilibrium, a sample (100 pL) of supernatant
was taken and then analyzed for Mo"! concentration. Eq. (1) was
used to calculate the sorption capacity of the sorbent, g..

2.6. Column experiments

The sorption of Mo"! by S. pacifica packed in glass columns of
15 cm long and 1.4 cm of internal diameter were studied. At the
bottom end of the column a fiberglass cap was placed to avoid sea-
weed particles losses. The columns were filled, and later
compacted by gravity with S. pacifica fixed in agar, keeping con-
stant the package density. The top of the column was connected
to a peristaltic pump (Gilson) using a silicone tube to obtain a

constant steady downward flow of 0.60 mL min~'. Solutions of a
known concentration of sodium molybdate were pumped through
the columns at constant pH 2.0 and room temperature. Samples of
1.0 mL were collected at time intervals to assess the residual con-
centration of metals and to determine the retained amount of
metal. The aqueous solutions containing the pollutants flowed
from beginning to end of the column passing through the packed
sorbent material. The sorption capacity of Mo"! was determined
from Eq. (2).

_ CinQ ! Cout
1= 1000m J, (1* Cm)dt @

where q is the mass of metal sorbed (mg MoO3~ g biomass™!); G, is
the inlet solution concentration (mgL™'); Cou the outlet solution
concentration (mg L™!); m is the amount of biomass in the column
(g) and Q is the volumetric flow (mL min~').

In most industrial wastewater treatment units, a continuous
mode of operation is preferred. The column bed performance is
usually described through the concept of a breakthrough curve,
which is obtained by plotting C/C, against time (C and Cy are con-
centration of the outlet and inlet solutions at the column, respec-
tively). Breakthrough and saturation time, sorption yield (%), and
MoOj~ ions uptake are relevant parameters that can be obtained
from the breakthrough curve as follows:

Breakthrough time (t,, min) is considered on the basis of the
effluent discharge limit for MoO3~ ions. So, the breakthrough time
was obtained for an effluent MoO3~ concentration of 5.0 mgL .
Saturation time (ts,, min) is usually considered when the effluent
concentration remains close to influent concentration for a long
period (corresponding to C/Co=0.95). The uptake capacity (qags,
mgg~!) is obtained by dividing the quantity of MoOZ%~ sorbed
(maqs) by the sorbent mass (m) (Eq. (3)).

Maq
Qags = ﬁ (3)
where the total quantity of MoO3~ sorbed by the biomass in the
column (m,qs, mg) is calculated by subtraction of the quantity of
MoO3;~ joined at the column (mj,e, mg) and the quantity of
MoO3~ going out the column (Moyger, Mg) (Eqs. 4-6).

Minter = Co Q Esat (4)
tsat

Mot = Q [ (Co ~ Coe (5)

Mads = Minlet — Moutlet (6)

Various simple mathematical models have been developed to
describe and possibly predict the dynamic behavior of the column
bed. Thomas model is one of the most general and widely used
models in column performance theory. Thomas solution assumes
Langmuir model of sorption-desorption, and no axial dispersion
is derived with the sorption that the rate driving force obeys
pseudo-second order reversible reaction kinetics [37].

The expression of Thomas model is given in Eq. (7).

Q _ 1
Co B 1+ exp((qﬂ]mfgt)”f)km)

(7)

where kr, (mL min~! mg~') is Thomas rate constant, gr, (mg kg™!)
is the theoretical saturated sorption capacity in Thomas model,
v (mLmin~") is the flow rate of the effluent, m (kg) is the mass
of the sorbent, Co (mg L™!) is the influent MoO3~ concentration, C,
(mg L) is the effluent MoO3~ concentration at time t (min). The
value of C;/C is the ratio of effluent and influent MoO3~ concentra-
tions at certain time. The kinetic coefficient ki, and the sorption
capacity of the column g, can be determined from a plot of C/Cy
against t at a given flow rate using non-linear regression.
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Modified dose-response model minimized the error that results
from use of the Thomas model, especially with lower and higher
breakthrough curve times [38]. Its equation can be described as
shown in Eq. (8).

C, 1

Co ! 1+ (%‘)a ®
where v (mLmin™!) is the flow rate of the effluent. Parameters a
and b comes from the modified dose-response model.

In order to provide information about the stability of the sor-
bent, DOC (dissolved organic carbon) concentrations in the leach-
ates were measured in column effluents. DOC concentrations
were analyzed in a TOC-Vys (SHIMADZU). Effluent samples were
filtered through a 0.2 mm membrane prior to the analysis. DOC
concentrations in the leachates were less than 0.01 mg mL™!, indi-
cating that sorbent packed in the column is very stable.

2.7. FTIR, SEM and EDAX analysis

FTIR spectroscopy (Perkin Elmer FT-IR Spectrum One spectro-
photometer) was done to identify the chemical functional groups
present on S. Pacifica and Mo"'-loaded biomass. IR absorbance data
were obtained for wavenumbers in the range of 400-4000 cm™!
employing the KBr dilution technique (1.5%, w/w). The surface
structure of the seaweed before and after Mo"! sorption was ana-
lyzed by scanning electron microscopy and the presence of Mo
sorbed at the surface was confirmed by EDAX microanalysis
(SEM Fei model QUANTA 200F, EDS EDAX with Si/Li detector).
Experiments were made in Low Vacuum mode (LV 0.20-0.40 mbar
chamber pressure), work distance (WD) 10 mm-12 mm. Image
collections were obtained on non-coated samples at HV 5-10 kV,
under low vacuum conditions. For semi quantitative EDAX analysis
of Mo, HV of 30 kV was employed. The SEM images and EDAX anal-
ysis were performed at LM CCT Rosario Laboratory.

3. Results and discussion
3.1. FTIR analysis

In order to determine which functional groups are responsible
for molybdate ions uptake, FTIR spectra of the sorbent, before
and after MoO3~ uptake, were recorded. The spectra of sorbent
were measured in the range of 400-4000 cm™!. The spectra show

a number of absorption peaks, indicating the complex nature of
the material studied (see Fig. 1).

100 4
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Fig. 1. FTIR spectra of (a) native green alga and (b) MoO3~ loaded green alga.

The FTIR spectrum of green seaweed exhibits a broad peak at
3438 cm™!, which corresponds to the O-H stretching vibrations
of cellulose, pectin, absorbed water, hemicellulose, and lignin.
The OH stretching vibrations occur within a broad range of fre-
quencies, indicating the presence of free hydroxyl groups and
bonded OH bands of carboxylic acids [39-41]. The band at
2924 cm~! indicates symmetric or asymmetric CH stretching
vibration of aliphatic acids. The peak at 2854 cm™! was the sym-
metric stretching vibration of CH, due to CH bonds of aliphatic
acids. Bands around 1639 cm™! correspond to esterified carboxyl
groups [42]. The peak at 1384 cm ™' may be assigned to symmetric
stretching of —COO~. The band observed at 1094 cm~! was
assigned to C—O stretching of alcohols [43]|. When the biomass
was loaded with MoO3~, differences in the positions of the absor-
bance peaks and new peaks appeared. Stretching mode corre-
sponding to Mo=0 was observed at 1026 cm~' and vibrations
corresponding to Mo—O appeared at 610cm™'. The peak at
810cm ! was assigned to Mo—O—Mo [44], and it suggests that
formation of polynuclear species occurs at the surface of the adsor-
bent. No vibrations corresponding to Mo—N was observed (v
Mo—N: 470 cm™ 1), suggesting that active surface sites are oxygen-
ated groups. The peak at 3419 cm™! assigned to O—H stretching
was shifted and broadened and the C—O vibration was strengthen
suggesting that hydroxyl groups are involved in the coordination of
molybdate ions at the surface of the green seaweed. Antisymmetric
stretching of —COO~ was shifted at 1646 cm™' and symmetric
stretching of —COO~ was shifted at 1385 cm~!. These modifica-
tions in the stretching modes of —COO~ after treatment with
Mo03~ suggest that deprotonated carboxylic groups are involved
in the coordination of molybdate ions onto the surface of green
seaweed.

3.2. Surface characterization

Scanning electron microscope (SEM) images were used for S.
pacifica surface analysis (see Fig. S1, Supplementary Material).

SEM images were taken by applying 5-10 kV voltage with dif-
ferent magnification times. Fig. STA (Supplementary Material)
demonstrates the amorphous superficial structure of the seaweed
biomass surface. The surface present fold-like structures in a ran-
dom arrangement on the surface. After Mo"! sorption, surface dis-
played an apparent flattening (see Fig. S1C Supplementary
Material). The results obtained in this study are in agreement with
the work of Murphy et al. [45], who observed changes in surface
morphology of seaweeds after treatment with Cr'" and CrV.
Changes in surface morphology were due to an exchange of the
Mo"! ions with alkali metals causing relaxation of the biomass
structures thus leading to an apparent flattening of the seaweed
surface. Green seaweed contains cellulose in their inner cell wall
with the outer cell wall consisting of an amorphous embedding
matrix. This matrix is predominately pectin and mucilage [45].
Changes in the surface morphology after Mo"! sorption indicates
some rearrangement of surface polymer chains. Also some inclu-
sions appeared as a consequence of polynuclear Mo"! aggregates
(see Fig. S1D, Supplementary Material).

EDAX analysis of Mo-loaded green seaweed performed at 30 kV
voltage, showed a characteristic signal of Mo at 17.3 keV (see
Fig. S2, Supplementary Materials), demonstrating that Mo was
present in the surface of green seaweed.

3.3. Evaluation of the most significant constituents affecting
molybdate sorption

Preliminary identification of significant factors was done by
using a full 23 factorial design with three repeats at the center
point (see Table S1, Supplementary Material).
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Only pH and sorbent dose are significant factors (P < 0.05) and
sorbent dose has the greatest effect. The negative sign means
increasing its level from low to high decreases the removal
percentage.

3.4. Improvement with central composite design

In order to improve molybdate sorption, the central composite
design was applied to select experiments (see Table S2, Supple-
mentary Material).

Data were analyzed using multiple regression analysis. The
relationship between molybdate sorption (Y) and the test variables
in coded factors was:

Y=11.91-743A-838B+490A% +345B> +407AB (9

To validate the regression coefficient, analysis of variance was
performed. The model F-value of 22.51 implies that the model is
significant. Values of Prob > F less than 0.0500 indicate that the
model terms are significant (see Table S3, Supplementary Mate-
rial). R? of this model is 0.9575, which is considered as having a
high correlation. Therefore, it is reasonable to apply the model to
analyze the trends of the responses.

The 3D surface plot was the graphical representation of the
regression in Eq. (9), from which the molybdate sorption, at differ-
ent pH and adsorbent doses values can be predicted (see Fig. S3,
Supplementary Material).

The obtained results indicate that the maximum value of
molybdate sorption was obtained at pH 2.0 and sorbent
dose =2.0 g L', At pH 2.0, the predominant Mo"! specie is HsMo-.
034 (See Fig. S4, Supplementary Material), as calculated by HYDRA
and MEDUSA Programs [46]. The point of zero charge (pHzpc) is
the pH value of the solution, where the surface charge density is
equal to zero, i.e. the number of positively charged centers is equal
to the number of negatively charged centers. If pH < pHzpc the sor-
bent surface area is positively charged, and if pH > pHzpc, the sor-
bent surface area is negatively charged [47]. The point of zero
charge (pHzpc) represents the value at which the curve ApH=f
(pHi) intersects pHi axis (see Fig. S5, Supplementary Material).

The corresponding pHzpc, is 5.5. It means that at values
pH < 5.5, the surface area of the green seaweed is positively
charged and, at pH 2 strongly attracts the negatively charged hep-
tamolybdate species.

In order to verify the improved effect by statistically designed
experiments, a reaction with recipes at optimal conditions
was performed. The experimental q value obtained (46,100 mg
Mo03/kg biomass) was in agreement with the calculated value
using Eq. (9) (46,220 mg MoO3 /kg biomass). This similarity
between the predicted and observed result reflects the accuracy
and applicability of the central composite design as an extremely
powerful method for optimizing the molybdate adsorption onto
algae surface.

3.5. Kinetic studies

The prediction of sorption rate gives important information for
designing continuous bed sorption systems. Information on the
kinetics of solute uptake is required for optimum operating condi-
tions for a continuous bed reactor [48]. The kinetics of the sorption
data were modeled using a pseudo first-order kinetic model.
Initially, it must be assumed that the sorption follows the Langmuir
model, which agrees with chemisorption as being the rate control-
ling mechanism and this has been confirmed in the next section.
The rate of the pseudo first-order reaction may be dependent on
the amount of metal ion on the surface of the sorbent and the
amount of metal ion sorbed at equilibrium. The pseudo first-order
kinetic model was expressed as shown in Eq. (10):

d
T~ kaas(de — ) (10)

where kags (min~!) is the first-order-rate constant of sorption, g
(mg kg~ 1) is the molybdate amount sorbed on the sorbent at equi-
librium time, and g, (mg kg~!) is the molybdate amount sorbed at
time t [49].

After integration, by applying the following boundary
conditions:

g:=0att=0and q;=q; at t=t; Eq. (10) becomes:
In(q, — q,) = In(q,) — kags (11)

Fig. 2 showed the kinetic data and best fit employing Eq. (5)
working at three different initial concentration of MoO3".

As it saw in Fig. 2, k.qs was independent of [MoO2 ™|, confirming
the first order dependence.

The validity of the model was checked by the fitness of the
straight line (R?) as well as the consistence between experimental
and calculated values of ge.

Bhattacharya and Venkobachar [50] presented a simple first
order reversible kinetic model (Eq. (12)), based on solution concen-
tration for the sorption of Cd" from liquid phase onto both Giridih
coal and crushed coconut shell, as a reversible reaction with an
equilibrium being established between two liquid and solid
phases.

In(1—Uy) = —kt (12)

in which k is the overall first order rate constant (min—') and

_ Mo"}y— MoV
U = [sz'ﬁ—[Mz“ﬁ'

Comparing both models, pseudo first order kinetic model has
higher 12 (higher than 0.992) and a better description of the kinetic
data expressed as a consistence between experimental and calcu-
lated values of g. (see Table 2). Simple first order kinetic model
has r? values around 0.985 and lower description of kinetic data
because at zero time, it is expected that the function equals to zero,
and Fig. S6 (Supplementary Material) showed that y-intercept
were not equals to zero.

Most sorption reactions take place through multistep mecha-
nism comprising (i) external film diffusion, (ii) intraparticle
diffusion and (iii) interaction between sorbate and active site.
The first step is excluded by shaking the solution. So the rate deter-
mining step is one of the two other steps. To know if the intrapar-
ticle diffusion is the rate determining step or not, the uptake/time
data (see Fig. S7) was treated according to Weber and Morris diffu-
sion model [51] (Eq. (13)).

q: = kid tl/z (13)

In(q,-q)

T T T T T T T 1
0 50 100 150 200 250 300 350 400

t (min)
Fig. 2. Kinetic data and best fit employing pseudo first-order kinetic model.

Biomass doses = 2.0 g L!; T=20 °C; pH = 2.0; (a) [Mo02%]o = 0.010 M; (b) [Mo0Z% ],
=0.015 M and (c) [MoO3 ]o = 0.020 M.
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Table 2

Characteristic parameters of the different kinetic models and coefficients of determination (12).*

T (°C) 20

30° 40

Pseudo-first order
q. (mg kg™") 1.742 x 10° £ 200"
2.472 x 10° £ 300°
3.542 x 10° + 400¢
8.1+0.2"
8.1+0.1°
8.1+0.1¢
r 0.9949"

0.9970°

0.9966¢

kags (min~1) x 103

Simple first order
k (min~') x 10% 8.0+0.6"
7.5+0.8°
7.9+0.4¢
r? 0.9829°
0.9759¢

0.9888¢

Intraparticle diffusion
kig (mg kg~ ! min~%®) 1.71 x 10* £ 700°
2.19 x 10* £ 700¢
2.81 x 10* £ 900
2 0.6599°
0.7349¢
0.7253¢

2.846 x 10° + 300 2.281 x 10° £ 200

12.2+0.3 17.1+£0.6
0.9958 0.9923
10.2+0.6 16.7+0.8
0.9856 0.9815

2.85 x 10%+ 700 2.9 x 10*+ 1000

0.7895 0.7991

2 Biomass doses=2.0gL™'; pH=2.0.
b [Mo03 ]o=0.010 M.
¢ [MoOZ o = 0.015 M.
4 [Mo03 ]o = 0.020 M.

where kiq (mg kg~! min~"/?) is the intraparticle rate constant and
can be obtained from non-linear curve fit of kinetic data.

As can be seen from Fig. S7 inset, the sorption was controlled by
three different stages: the first sharper portion being a rapid exter-
nal surface sorption, the second linear portion being a gradual
sorption where intraparticle diffusion is the rate limiting factor,
and the final portion being final equilibrium stage due to low con-
centration of molybdate ions in solution phase as well as less num-
ber of available sorption sites. It is clear that intraparticle diffusion
is not the only rate determining step as the second portions of plots
of g, versus t'2 did not have zero intercept [52]. For the sorption of
molybdate ions onto seaweed surface, the linear plots of Eq. (10)
have a good correlation of the data as shown in Fig. 2.

The correlation coefficients, 12, for the pseudo-first order kinetic
model are much greater than the intraparticle diffusion coefficients
for the sorption/reaction of molybdate ions onto biomass surface,
strongly suggesting a chemical reaction mechanism. Table 2
resumes the values of k.q, k, ki and correlation coefficients
obtained at three different temperatures.

Numerical value for activation energy of soption process was
obtained by plotting experimental data for rate constants at differ-
ent temperatures. From the logarithmic form of the Arrhenius
equation a plot of Ink,qs versus 1/T yields a slope equal to —E,4/R.
Since the sorption rates of the molybdate ions increased with tem-
perature, the slope of Arrhenius plot gives a negative value and the
activation energy is found to be positive (see Fig. S8, Supplemen-
tary Material).

E, afforded a value of 28.52 k] mol~". For biological systems, the
reported activation energies in the literature generally change over
the range 8.4-83.7 k] mol~! [53]. Two main types of sorption may
occur: physical and chemical sorption. In physical sorption, equi-
librium between the sorbent surface and the sorbate is usually rap-
idly attained and easily reversible, because the energy
requirements are small. Activation energy for physical sorption is
usually no more than 4.184 k] mol~!, since the forces involved in
physical sorption are weak [54], meanwhile for chemisorptions

values of E, higher than 8.4 kJ mol~! are expected. The value of
E, obtained is in agreement with a chemisorption mechanism.

3.6. Sorption isotherms

The equilibrium between the sorbate immobilized on the active
sites of a sorbent and the sorbate remaining in the aqueous phase
is usually presented by sorption isotherms. In order to describe the
uptake of molybdate ions by green seaweed biomass, the iso-
therms data were analyzed using three models, Langmuir, Freund-
lich and Dubinin-Radushkevich (D-R).

Langmuir isotherm is given by Eq. (14) [55]:

 quKiCe
¢~ 1+K,.Ce

where C, is the equilibrium concentration of metal ions (mgL™!), g,
is the amount of metal ions required to form a monolayer onto the
sorbent surface (mg kg™!), K; is the Langmuir equilibrium constant.
The essential feature of the Langmuir isotherm can be expressed by
means of a separation factor or equilibrium parameter, R;, is calcu-
lated using Eq. (15) [56].

1
1 + K. Co

(14)

R (15)

where C, is the highest MoO3~ concentration (mol L~!). As the R;

values lie between 0 and 1, the sorption process is favorable.
Freundlich sorption isotherm is given by Eq. (16) [57].

qe = KeC)/" (16)

where C, is the equilibrium concentration of metal ions (mg L), g.
is the amount of metal ions required for forming a monolayer onto
the sorbent surface (mg kg~ !), Krand 1/n are the Freundlich equilib-
rium constant and the coefficient of heterogeneity in the Freundlich
sorption isotherm equation.

The Dubinin-Radushkevich (D-R) sorption isotherm is given by
Eq. (17) [58].
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e = qne ™™ (17)

where f is a constant related to the mean free energy of sorption
(mol?]~2), g, the theoretical saturation capacity, and ¢ is the Pola-
nyi potential, which is equal to RT In(1 + (1/C.)), where R (J mol~! -
K1) is the gas constant and T (K) is the absolute temperature.The
constant § gives an idea about the mean free energy E (k] mol™!)
of sorption and can be calculated using the relationship showed
in Eq. (18) [59].

1

E values give information about sorption mechanism as chemical
ion-exchange or physical sorption. With the magnitude of E,
between 8 and 16 k] mol~!, the sorption process follows chemical
ion-exchange, while for the values of E <8 kjmol~!, the sorption
process is of a physical nature. The numerical values of the mean
free energy of sorption at three different temperatures and the var-
ious constants of the three models were calculated and were repre-
sented in Table 3.

E values were in the range 9-13 k] mol~', indicating that the
sorption process follows chemical ion-exchange. This result agrees
with the conclusion obtained in Arrhenius plot.

By comparing the correlation coefficients, it can be concluded
that Langmuir isotherm provides a good model for the sorption
system, which is based on monolayer sorption onto surface con-
taining finite number of identical sorption sites. The maximum
sorption capacity decreases with increasing T, this result was pre-
viously found for others systems [60,61], and it is attributed to a
loss of sorption sites due to degradation of the biomass with tem-
perature. The value of the dimensionless parameter R; indicates
that the sorption is favorable (0 < R, < 1). The E values lies between
8 and 16 k] mol~! as shown in Table 3, which suggests that sorp-
tion occurred by ion-exchange mechanism [62].

The comparison of sorption capacity of green seaweed biomass
with that of various sorbents is shown in Table 4.

The green seaweed has a high sorption capacity as comparable
with that of the other sorbents. Therefore, considering the low cost
of this natural sorbent (waste), it can be used as an alternative
material to minimize the concentration of MoOj~ ions in ground-
water and wastewater.

The isotherm profiles of molybdate sorption at various T values
are shown in Fig. 3. Experimental results are well represented by
Langmuir isotherm at the three temperatures studied.

Table 4
Comparison between the sorption of MoO3
sorbents reported in literature.

ions by green seaweed and other

Sorbent Mo03~ uptake (mg/kg) Reference
Organo-bentonite 2.24 x 10° [28]
Goethite 2.59 x 10* [26]
Zr(IV)-orange peel gel 2.16 x 10° [22]
Fe(lll)-orange peel gel 1.76 x 10° [22]
Ce(Ill)-orange peel gel 1.584 x 10° [22]
La(Ill)-orange peel gel 1.952 x 10° [22]
Magnetic chitosan resin 1.28 x 10° [25]
Hematite 1.039 x 10* [27]
Green seaweed 1.28 x 10° This work

3.7. Sorption thermodynamics

In engineering practice, values of thermodynamic parameters
such as enthalpy change (AH°), entropy change (AS°) and free
energy change (AG°) must be taken into consideration in order
to determine the spontaneity of a process.

The sorption free energy change, AG®, is known by Eq. (19).

AG* = —RT In K, (19)

where K; is the Langmuir constant (L mol™'), R is the universal gas
constant (8.314 ) mol~! K™!), and T is the temperature (K).

It is recognized that AG® is given as ] mol~' I, and so the equilib-
rium constant K; in Eq. (19) has to be dimensionless [63,64]. The K;
constant is simply recalculated as dimensionless by multiplying it
by 55.5 (mol H,O L™ 1).

Taking into account the last consideration, AG° value is
expressed as shown in Eq. (20) [65].

AG® = —RT In55.5K; (20)

The heat of sorption of the sorbent, AH® (k] mol~!), and entropy
AS° (Jmol~! K1) for the sorption process is given in Eq. (21):

AG® = AH°® — TAS® (1)

For the determination of AH° and AS° the equation above can
be written as shown in Eq. (22).

AS° AH° 1

R R T
The obtained thermodynamic data are shown in Table 5.
The positive values of AS° and AH° obtained using Eq. (22), indi-
cated an increase in randomness and the endothermic nature of

the sorption processes. Therefore, increasing the solution temper-
ature will enhance the binding potential at equilibrium [66,67].

In55.5K; =

(22)

T40°C T 60 °C

8.40 x 10°+2 x 10° 5.00 x 10°£1 x 10°

0.12 £0.02 0.21£0.02
0.154 0.091
0.9934 0.9947
1108 1037
0.61 £0.03 0.50 £0.03
0.9897 0.9822

6.90 x 10°%6 x 10° 3.10 x 10°+2 x 10°

Table 3
Characteristic parameters of the different isotherm models and coefficients of determination (r?).
T20°C
Langmuir
Gm (mgkg™") 128 x 105+ 1 x 10
K (Lmg ) 0.057 + 0.006
Ry 0.260
r? 0.9993
Freundlich
Kr 87+7
1/n 0.75 +£0.04
r? 0.9939
D-R
Gm (mgkg ") 145 x 106+ 5 x 10
B (mol®J2) x 10° 6.1+0.2
E (K] mol 1) 9.05 +0.02
r 0.9963

4.2+0.2 3.1+0.2
10.91 £0.03 12.70 £ 0.06
0.9928 0.9897

Biomass doses 2.0 g L~!; pH = 2.0; contact time: 6 h; [MoO3 ]o = 0.10-50.00 mg L.
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Fig. 3. Sorption isotherm of molybdate ions onto green seaweed. Biomass
doses=2.0gL""; pH=2.0; [MoO3 ]o=0.10-50.00 mg L~ '; contact time 6h. —
Langmuir Model; --------- Freundlich Model; D-R Model. (a)
20°C; (b) 40°C and (c) 60 °C.

Table 5
Thermodynamic parameters of molybdate sorption by green seaweed.

Temperature (K) AG° (k] mol~1) AHe (k] mol 1) AS° (JK T mol™ 1)
293 -32.02 +25.46 +196.2

313 —-35.92

333 —-39.87

The endothermic sorption processes imply that diffusion from bulk
solution to sorbent boundary possibly will involve energy to over-
come the interaction of water molecules with molybdate ions
[68,69]. Positive AS° values also show that ion replacement reac-
tions took place. The negative values of AG° show that the sorption
processes were spontaneous in the temperature range studied.

3.8. Isosteric heat of sorption

Isosteric heats of sorption are key thermodynamic parameters
in design of separation processes [70]. The heats can be strong
and complex functions of sorbate loadings when the sorbent is
energetically heterogeneous. Ignoring these characteristics in pro-
cess design can lead to serious errors [71]. The heat of sorption
determined for a constant amount of sorbed sorbate is known as
the isosteric heat of sorption and is calculated using Clausius—Cla-
peyron equation [72] (Eq. (23)).

din(Ce)  AHg
dT RT?

For this purpose, plots of InC, versus T~! were derived for differ-
ent amounts of sorbed MoO3~ ions and AH,, values were calculated
from the slope of these isosters (Fig. 4A). The AHs values are
shown in Fig. 4B as a function of surface loading (amount of MoOZ"
~ sorbed, mg kg~ 1).

The isosteric heat of sorption decreases with surface loading,
indicating that the green seaweed has an energetically non-homo-
geneous surface. This decrease occurs because the high-interac-
tion-energy sites are filled first [73].

(23)

3.9. Sorption mechanism

The real challenge in the field of metal sorption studies is to
identify the mechanism of metal uptake by the sorbent. One of
the mechanisms suggested to be involved in sorption is the ion
exchange process between protons and/or light metals as counte-
rions present in the biomass and heavy metal ions taken-up from
the metal containing aqueous solution [74]. From kinetic studies
at various temperatures we obtained an activation energy value
(Eq) of 28.52 k] mol~!. Activation energy for physical sorption is
usually no more than 4.184 k] mol~', since the forces involved in
physical sorption are weak [54], meanwhile for chemisorptions
values of E, higher than 8.4 k] mol~! are expected. The value of
E, obtained is in agreement with a chemisorption mechanism.
From equilibrium studies, application of Dubinin-Radushkevich
(D-R) model allowed us to calculate mean free energy of sorption
(E). E values obtained were in the range 9-13 k] mol~'. With the
magnitude of E, between 8 and 16 k] mol~}, the sorption process
followed chemical ion-exchange. Equilibrium studies performed
at various temperatures allowed us to determine a AS value of
+196.2 ] K~ mol~!. Positive AS° values showed that ion replace-
ment reactions took place. No redox reaction took place, because
no evidence of MoV species was found. Combining all these results
we proposed in Scheme 1, a possible mechanism for molybdate
uptake by green seaweed.

Presence of heptamolybdate ions were proposed based on IR
evidence of stretching frequencies assigned to these species and
because at working pH (pH = 2), HsMo;037 is the major Mo"! spe-
cie present in solution (see Fig. S4, Supplementary Material). Bind-
ing at hydroxyl and carboxylic functional groups were proposed
based on IR evidence (frequencies assigned for these functional
groups were modified after Mo"! uptake by green seaweed).

3.10. Continuous sorption studies

The experimental breakthrough curves at three different bed
heights and those obtained for the Modified dose-response model
are represented in Fig. 5.

The experimental breakthrough time (the position at C/
Co=0.05), saturation time (the position at C/Co=0.95), and
Mo03~ ions uptake (mg g~!) obtained experimentally were tabu-
lated in Table S4 (See Supplementary Material). Thomas and
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Scheme 1. Proposed mechanism for Mo"' uptaking by green seaweed.
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Fig. 5. Breakthrough curves and modified doses-response models for different bed
heights. Co=80mgL~! MoO3; Q=0.60mLmin!; T=20°C; pH=20. (a)
h=3.0cm; (b) h=4.2cm and (c) h=6.0 cm.

Modified dose-response parameters, and the correlation coeffi-
cients (1), are tabulated in Table 6.

The values of gy calculated from Thomas model, Eq. (7), were
comparable to the g values calculated using Eq. (3). It was found
that the Thomas model (r?) range from 0.937 to 0.946 exhibited

an adequate fit of the experimental data. In order to improve the
fit of the experimental data, modified dose response model was
applied. As shown in Table 6, values of * increases to 0.981-
0.991 allowing an excellent fit of the experimental breakthrough
curves. The values of a and b increased with increasing the bed
height. Similar behavior was reported by Albadarin et al. [75].

The breakthrough time, the saturation time and the biosorption
yield increase as bed height increases since a higher bed depth
results in a longer residence time of the solution in the column,
allowing the MoOj3~ ions to diffuse more deeply inside the sorbent,
and so, all the above parameters increase.

3.11. Scale-up study

The bed depth service time (BDST) model predicts the relation-
ship between the bed depth, Z (cm), and the operation time, ¢t
(min). This model assumes that the sorption rate is controlled by
the surface reaction between the sorbate and the unused capacity
of the sorbent [76].

Eq. (24) expresses a linear relationship between the bed depth
and the service time:

t=No g Lln<C°— ) (24)

T GCov” kepstCo  \Cr
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Table 6
Different parameters for Thomas and modified dose-response models.

Z (cm) Thomas model Modified dose-response model
krn x 10* grh x 10° I % a b 2 e
3.0 7.2+03 0.322 £ 0.003 0.9432 0.00874 1.85 1 0.02 22703 0.9913 0.0011
42 59406 0.326 + 0.008 0.9375 0.00884 23£02 31.7+04 0.9810 0.00221
6.0 49+03 0.331 £ 0.002 0.9464 0.00733 2.8+0.1 42.8+04 0.9808 0.00263
Co=80mgL ! MoO%; Q=0.60 mLmin~'; T=20°C; pH = 2.0.
process, kinetics and sorption isotherms modeling, FTIR, SEM and
Table 7 EDAX analysis, continuous sorption and scale- up studies. Optimi-
Different parameters for BDST model. zation studies results in pH 2 and sorbent dose 2.0 g L~! as optimal
. VI .
I kepsr  10° (Lmg ' min ") No (mgL ) 2 conditions for Mo remov.al. FTIR analy51s showis that hydrgxyl
and deprotonated carboxylic groups are involved in the coordina-
23 f?fg'; igggfg'g g'gggi tion of molybdate species at the surface of green seaweed. SEM
50 R 3276408 0.9985 images shows that morphological changes occurs at the surface
80 1.8+09 411.8+09 0.9967 after Mo"! sorption. The pseudo-first order kinetic and Langmuir

Co =80 mg/L MoO3~; v=0.39 cm/min; T=20°C; pH=2.0; z=3.0; 4.2 and 6.0 cm.

where Ny is the sorption capacity (mgL™'), v is the fluid velocity
(cm min~') determined from the calculation of volumetric flow rate
over the bed section area, C; is the outlet concentration at time t
(mgL~!) and kgpsr is the kinetic constant (L mg~! min~!). kgpsr
and Ny can be calculated from the linear and angular coefficient,
respectively, from the graph of t as a function of Z at a given C/Cy
ratio (iso-concentration line).

Iso-concentration lines for molybdate ions removal in a fixed
bed at C/Co=5% 20%, 50% and 80% were determined, (see
Fig. S9, Supplementary Material).

Table 7 showed the kgpst and Ny parameters obtained for differ-
ent C/Cy ratios.

A consistent increase in slopes from 9.6 to 13.2 was observed
for C/C, ratios of 5-80% and consequent increase in corresponding
dynamic sorption capacity N, from 299 to 411 mg L~'. On the sor-
bent used, some active sites remain unoccupied by molybdate ions
at lower C;/Cy ratio value, and hence the sorbent remained unsatu-
rated. The dynamic sorption capacity in such low breakthrough
condition was consequently bound to be lower than the full bed
capacity of the sorbent [75]. The rate constant, kgpst, characterized
the rate of solute transfer from the fluid phase to the solid phase. It
remains equals in the C;/Cy range employed.

To further check the validity of BDST model the breakthrough
curve was inspected at 50%. At 50% breakthrough, C,/C, = 2, there-
fore reducing the logarithmic term of BDST equation to zero. Good
correlation coefficient was obtained at 50% breakthrough suggest-
ing the conformity of BDST model with sorption of Mo"! by green
seaweed. Therefore, the constants obtained using the BDST model
could be used to predict the times at which the ratio C;/Cy equals
0.05-0.80 for other bed depths.

The critical bed depth, Zy is calculated by setting t=0 and
Ct = Cb.

It is given by Eq. (25).

v Co >
Zo=——In[—-1 25
0 kgpstNo <Cb 25)

The critical bed depth, Z, was determined to be 1.7 cm. This value is
the minimum theoretical bed height of the sorbent that is sufficient
such that the effluent concentration at t=0 will not exceed the
breakthrough concentration, Cj.

4. Conclusions

The present study reports the characteristic of molybdate ion
sorption by a new sorbent (S. pacifica biomass). Principal aspects
investigated for the purpose included optimization of the sorption

sorption isotherm models were noted be fit to the experimental
data. Qmax obtained was 1.28 x 10°+1 x 10* mg kg~ ! and it was
comparable with that of the other sorbents reported in literature.
Activation parameters and mean free energies obtained with Dub-
inin-Radushkevich isotherm model confirm that the mechanism of
sorption process was chemical sorption. Thermodynamic parame-
ters demonstrate that the sorption process was spontaneous and
endothermic. The driven force was entropic. The isosteric heat of
sorption decreases with surface loading, indicating that S. pacifica
has an energetically non-homogeneous surface. Experimental
breakthrough curves were simulated by Thomas and modified
dose-response models. The values of gy, calculated from Thomas
model, were comparable to the experimental g values. The break-
through time, the saturation time and the sorption yield increase
as bed height increases since a higher bed depth results in a longer
residence time of the solution in the column, allowing the MoOZ~
ions to diffuse more deeply inside the sorbent, and so, all the above
parameters increase. Finally, the bed depth service time (BDST)
model was employed to scale-up the continuous sorption experi-
ments. The critical bed depth, Z, was determined to be 1.7 cm. This
value is the minimum theoretical bed height of the sorbent that is
sufficient such that the effluent concentration at t=0 will not
exceed the breakthrough concentration, Cp.

S. pacifica biomass results a good sorbent for Mo"". It has a bet-
ter value of Quax compared with sorbents derived from minerals
such as hematite, goethite and organo-bentonite. The high value
of Qmax and the low cost of this sorbent (approximately 1dollar
per kg of green seaweed including pretreatment) makes this new
sorbent a better choice for continuous treatment of effluents pol-
luted with molybdate ions. For example, employing a column with
a capacity of 100 dm? requires 27 kg of sorbent, and it cost 27 dol-
lar for packing this column, making the process available at low
costs.
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