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a b s t r a c t

This work evaluated the cadmium biosorption capacity by the alginate extraction residue from brown
seaweed Sargassum filipendula, an industry waste which is often discharged into the sea. The biosorption
kinetics and equilibrium were investigated, with further analysis of the process thermodynamics. The
Mass Transfer in External Film model best described the kinetic data and the rate controlling step is the
diffusion through the boundary layer. The kinetic constant values of the model were 0.129, 0.064 and
0.066 1/min for initial concentrations of 1.0, 1.5 and 2.0mmoL/L, respectively. The isotherms were ob-
tained at four temperatures (293, 303, 313 and 323 K) and were analyzed by Langmuir, Freundlich and
Dubinin-Radushkevich models. The system was better described by Freundlich model, and the Dubinin-
Radushkevich model suggested that the cadmium uptake is of physical nature. The maximum bio-
sorption capacity obtained at 293 and 303 K were 0.394 and 0.429mmoL/g, respectively. The thermo-
dynamic parameters indicated that the biosorption of cadmium is spontaneous and exothermic. The
simplified LCA showed that the use of dealginated residue would lead to lower environmental impacts
for Acidification, Climate Change, Eutrophication, Human Toxicity and Photochemical Oxidation.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The recent industrial growth has been causing a great impact on
ecosystems and on quality of life in cities. Industrial effluents may
contain toxic metals, which are hazardous pollutants. They are not
easily eliminated from organisms and present potential for bio-
magnification and bioaccumulation (Barwick and Maher, 2003).
Cadmium is a toxic metal largely employed in several processes,
including electroplating and pigment production. In human or-
ganisms, the presence of cadmium may lead to osteoporosis and
damages in kidneys (Åkesson, 2011).

Among the methods for toxic metal removal from effluents,
there are chemical precipitation, ion exchange, membrane sepa-
ration and adsorption (El-Bayaa et al., 2009). Some conventional
treatments are expensive and not effective in all range of metal
concentration, especially in low concentrations. Membrane
F, mass transfer in external
ment; LCIA, life cycle impact
n; AEW, alginate extraction

A. Vieira).
separation, such as reverse osmosis or nanofiltration, may require
high pressure leading to a high energy cost (Yang et al., 2014).
Chemical precipitation may require a large amount of chemicals to
reduce the metal concentration to an acceptable value, resulting in
extra cost for sludge disposal and may present difficulties to ach-
ieve low concentrations defined by stringent regulations
(Kurniawan et al., 2006). In this aspect, biosorption has been
increasingly studied for toxic metal removal from aqueous solu-
tions. Alternative and economic materials investigated for cad-
mium biosorption include agricultural (Basu et al., 2017) wastes,
fungal (Ma et al., 2015) and algal (Cardoso et al., 2017b; Fagundes-
Klen et al., 2007) biomass.

In biosorption processes, toxic metal ions are passively bound to
inactive biomass in aqueous solutions (Davis et al., 2003). Several
mechanisms take part in metal binding, such as ion exchange,
chelation and physisorption (Volesky and Holan, 1995). For bio-
sorption on seaweeds, ion exchange is reported to be the most
relevant mechanism in metal sorption (Davis et al., 2003).

Brown seaweeds are efficient on toxic metal sorption. Further-
more, the biopolymer alginate, present in cell walls of brown sea-
weeds, is a main responsible for metal binding (Davis et al., 2003).
Functional groups of alginate are involved in ion exchange re-
actions with metal ions, resulting in the uptake of metals from
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aqueous phase. Sargassum filipendula is a brown algae largely
studied: cadmium and zinc in binary system were investigated by
Fagundes-Klen et al. (2007); Kleinübing et al. (2013) evaluated the
biosorption of lead, copper, cadmium and zinc ions on raw seaweed
and on the extracted alginate; Volesky et al. (2003) studied the
uptake of copper in a column. On the other hand, brown algae are
also rawmaterial for alginate production through extraction, which
has applications in food and textile industries (Bertagnolli et al.,
2014). In alginate extraction process, it is generated a fibrous res-
idue, which has limited use. This leftover pulp is mainly thrown
back into the sea (Kumar and Sahoo, 2017). However, it still con-
tains components of the raw algae and would be employed as a
biosorbent of toxic metals (Cardoso et al., 2017a; Costa et al., 2016).

In industry, the use of biosorption is being studied and tested.
Michalak et al. (2013) cited two examples of companies offering
biosorbents based on algae: Bio-Recovery System (Las Cruces, USA)
and B.V. SORBEX (Montreal, Canada). On the other hand, some
factors still limit a wider industrial application, such as elevated
economic value (Macek and Mackova, 2011). In AEW case, there is
not a relevant economic value since it is a residue. However, a
limiting factor would be the AEW regeneration for biosorption-
desorption cycles in fixed-bed columns for industrial treatment,
which is also being studied (Moino et al., 2017).

Life Cycle Assessment (LCA) is a method widely used to evaluate
the environmental performance of a product or service (European
Comission - Joint Research Centre - Institute for Environment and
Sustainability, 2010). Many low cost and alternative materials are
investigated for adsorption; however little studies have been con-
ducted to assess the environmental performance of these materials
(Dodbiba et al., 2009; Yami et al., 2015).

Therefore, this work aims to investigate the use of the AEW
(alginate extraction waste) from the brown seaweed Sargassum
filipendula as biosorbent for cadmium removal, providing a
comprehensive analysis of the kinetics and equilibrium aspects of
the cadmium uptake. In addition, the benefits for environment
related to the reuse of the AEW are evidenced by the comparison
with a commercial adsorbent (AC, activated carbon), in lab scale
using the LCA method. The innovative character of this study is the
extensive and in-depth investigation of the application of the AEW
in toxic metal removal, adding value to the seaweed chain.

2. Material and methods

2.1. Biosorbent material

The brown seaweed Sargassum filipendula was collected at S~ao
Sebasti~ao (“Cigarras” beach), State of S~ao Paulo, in November of
2015. Costa et al. (2016) characterized the raw seaweed and the
residue after alginate extraction.

The raw seaweed presented small diatoms in its structure,
similarly as the residue after alginate extraction. In chemical
composition, the content of Si decreased due to diatoms release and
the content of sodium increased in extraction process. FTIR spectra
indicated that the residue maintains functional groups such as
carboxylic acids, sulfonate and amino groups, even after alginate
extraction, which suggests that AEW has potential to be used as a
biosorbent material (Costa et al., 2016).

2.2. Preparation of biosorbent

The seaweed was washed to remove sand and dried in an oven
at 60 �C for 24 h. The algae was milled and sieved into fractions
smaller than 1mm. The alginate was then extracted following the
method described by Mchugh (1987).

Fifteen g of the raw algae were placed in contact with 500mL of
an aqueous solution of formaldehyde (0.4% w/w) for 30min. The
algae were rinsed and added to 500mL of hydrochloric acid solu-
tion (0.1moL/L) for 2 h. Formaldehyde and hydrochloric solutions
were applied to clarify the material and remove phenolic com-
pounds. The alginate extraction was performed with 350mL of a
sodium carbonate solution (2% w/v) for 5 h at 60 �C. The mixture
was filtered to separate the fibrous residue and the liquid phase
with the solubilized alginate. In the presence of sodium carbonate,
alginate is converted to a soluble form (Davis et al., 2003) and can
be separated from the solid phase.

The AEW was exhaustively washed with deionized water.
Ethanol (1:1 v/v) was used for the alginate precipitation. The res-
idue and the precipitated alginate were dried at 60 �C for 24 h.
Then, the residue was milled and sieved into fractions with an
average diameter of 0.737mm. The yield of residue and alginate
were calculated by Equations (1) and (2).

%Yield ðResidueÞ ¼ final dry matter of residue
seaweed dry matter before extraction

$100

(1)

%Yield ðAlginateÞ ¼ final dry matter of alginate
seaweed dry matter before extraction

$100

(2)
2.3. Cadmium solutions

The Cd(II) solutions were prepared by dissolving cadmium ni-
trate (Cd(NO3)2.4H2O), analytical grade (Vetec, Brazil), in deionized
water. The pH was adjusted to the required value with nitric acid
(0.1moL/L) solution.

Cadmium concentration was determined by atomic absorption
spectrophotometer (AAS) AA-7000, Shimadzu (Japan).
2.4. Biosorption studies

Kinetic (Nishikawa et al., 2016) and equilibrium studies in batch
mode were carried out to analyze the sorption of cadmium on the
AEW. The biosorbent dose was fixed at 2 g/L and the pH was
maintained at 3.5.

In the kinetic study, 500mL of Cd(II) solutions with three
different initial concentrations (1.0, 1.5 and 2.0mmoL/L) were
stirred with 1 g of biosorbent at room temperature (20 �C). At
predetermined time intervals, solution samples were taken and the
residual cadmium concentrations were analyzed by atomic ab-
sorption. The Table S4 (Supplementary Material) presents the
average results of three measurements and the deviations.

Biosorption isotherms of Cd(II) were obtained through series of
50mL solutions with different initial concentrations
(0.5e18mmoL/L) in capped Erlenmeyer flasks of 100mL. The bio-
adsorbent (0.1 g) was added to each flask and the system was
maintained under constant agitation (150 rpm) and temperature
(293, 303, 313 and 323 K). The contact time was determined in the
kinetic study.

The amount q of metal adsorbed (mmol/g) and the removal
percentage (%Rem) were calculated from the Equations (3) and (4):

q ¼ ðC0 � CeÞ V=m (3)

%Rem ¼ C0 � Ce=C0$100 (4)

where: V is the volume of solution (L), m is the mass of dry



Table 1
Adsorption process information for AC and AEW.

Adsorbent AC AEW

Time for removal (h) 3a 2.5b

Adsorption capacity (mmol/g) 0.24a 0.39b

Required mass (mg) 1.82 1.12

a Asuquo et al. (2017).
b Laboratory data. The values are listed in Section 4.1 and Table 3.
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biosorbent (g), C0 and Ce are the initial and equilibrium concen-
trations of cadmium (mmol/L), respectively.

2.5. LCA methodology

2.5.1. Goal and scope definition
The goal of this study is to compare the environmental perfor-

mance of AEW and AC. The results are intended to reveal if the
employment of AEW would result in environmental gain. The
functional unit was the adsorbent mass required to reduce the
cadmium concentration of 1 L of wastewater from 0.05mg/L, a
typical final value of precipitation (Metcalf and Eddy, 2015), to
0.001mg/L (standard value in Brazil).

The scope involves the production, transportation, use and
waste management phases. During the use phase, it was assumed a
batch process for adsorption at room temperature (20 �C). For
waste treatment, it was considered that the particles were calcined
for 5 h and sent to a hazardous material landfill.

Fig. 1 presents the processes included. Alginate extraction phase
was not included in the study.

2.5.2. Life cycle inventory
For AC production, overseas transport, electricity and landfill,

Ecoinvent Database v.3 was used. The adsorbent required mass for
the treatment was calculated using the maximum adsorption ca-
pacity parameter, provided by Langmuir isotherm, described in
Equation (15). This parameter provides the maximum amount of
cadmium adsorbed by a unit mass of the adsorbent. For AC, the
adsorption capacity was obtained from the work of Asuquo et al.
(2017). For AEW, the adsorption capacity was obtained from labo-
ratory experiments.

Considering the cadmium concentration decrease from 0.05mg/
L to 0.001mg/L, the requiredmass of each adsorbent was calculated
(Supplementary Material). Table 1 lists the information of each
system.

2.5.3. AC inventory
The AC was produced in Europe (Wernet et al., 2016) and the
Fig. 1. System boundary of the biosorption process analyzed in LCA.
transport was considered fromGermany to Brazil, corresponding to
13,012 km.

2.5.4. AEW inventory
Tuazon and Corder (2008) discussed the allocation aspect in the

reuse of wastes (red mud). They assumed it was reasonable to
consider the red mud “free of charge” since it was not the primary
goal of the production process. AEW is not the primary goal of the
production process and, in addition, according to Kumar and Sahoo
(2017), AEW is generally discarded in the sea. This fact could cause
other environmental impacts, but for this study, this residue was
only considered a raw material, with no inherent value or impact.
Therefore, allocation factors were not considered.

For the transportation to Brazil, the origin of the AEW was
considered to be India, which is a country that processes the
seaweed investigated in this study (Mchugh, 1987). The distance
corresponds to 17,690 km.

The alginate manufacturing facility was assumed to be close to
the port, therefore the transportation within India was not
considered. Also, the land transportation within Brazil was not
considered because this work aims to compare two options; the
land transportation would be the same for AC and AEW, and would
not affect the final result.

2.5.5. Electricity inventory
For the adsorption process, the energy demands were computed

based on the equipments of the laboratory (Table S1,
Supplementary Material). In the use phase of AC, it was consid-
ered that the particles were sieved before the adsorption. For the
AEW, the particles were first milled and then sieved. In both cases,
an ovenwas used to dry the adsorbents after use and a furnace was
used to calcine the adsorbents for 6 h. The sieving step was not
considered due to the scale of this study and consequent difficulty
to observe the difference between the sift processes. Also, the
calcination process was the same for AEW and AC, according to the
procedure followed (Díaz-V�azquez et al., 2015); therefore, it was
not considered in the inventory.

The Brazilian electricity mix is shown in Table S2
(Supplementary material) (EPE, 2017). An alternative case
regarding the mix planned for 2024 was also analyzed to observe
the effects of a more renewable mix on the results (EPE and MME,
2015).

The OpenLCA 1.4.2 software (Green Delta, 2015) was employed
to perform the impact assessment and Table S3 (Supplementary
Material) summarizes the inventory for AC and AEW.

2.5.6. Impact assessment methods and impact categories
The method used for the impact assessment step was the CML

(Guin�ee et al., 2002). The midpoint impact categories considered
were: Acidification (ACID), Climate Change (CC), Human Toxicity
(HT), Photochemical Oxidation (PO) and Eutrophication (EUTR).

2.5.7. General assumptions
The adsorbent mass losses during the process were not

considered. The facilities and equipments in the use and waste



Table 2
Kinetic parameters for cadmium biosorption on the AEW from Sargassum filipendula.

Initial concentration of Cd(II)

1.0mmoL/L 1.5mmoL/L 2.0mmoL/L

Pseudo first order qe (mmol/g) 0.338 0.388 0.701
k1 (1/min) 0.229 0.148 0.090
R2 0.924 0.978 0.993
ARE (%) 10.43 11.54 3.69

Pseudo second order qe (mmol/g) 0.352 0.405 0.743
k2 (g/mmol.min) 1.136 0.594 0.185
R2 0.953 0.958 0.974
ARE (%) 8.25 14.45 10.90

MTEF KTM (1/min) 0.129 0.064 0.066
R2 0.969 0.990 0.997
ARE (%) 11.11 11.03 4.88

Intra-particle diffusion c (mmol/g) 0.033 �0.009 �0.062
ki (mmol/g.min1/2) 0.073 0.090 0.144
R2 0.866 0.946 0.966
ARE (%) 14.78 24.29 509.45

Boyd Di (cm2/min) 8.451.10�5 6.303.10�5 5.792.10�5

R2 0.985 0.931 0.983

Table 3
Equilibrium parameters obtained from Langmuir, Freundlich and D-R models for
cadmium biosorption on the AEW at different temperatures.

Model Parameter Temperature

293 K 303 K 313 K 323 K

Langmuir qmax (mmol/g) 0.394 0.429 0.333 0.824
KL (L/mmol) 0.354 2.186 1.932 0.483
RL 0.209 0.456 0.529 0.787
R2 0.927 0.911 0.947 0.958
ARE (%) 20.89 18.10 17.78 23.50

Freundlich KF (mmol1�1/n.L1/n/g) 0.133 0.251 0.191 0.257
n 2.295 4.125 3.805 2.201
R2 0.947 0.780 0.971 0.993
ARE (%) 16.44 20.78 7.07 5.68

D-R qmax (mmol/g) 0.286 0.397 0.286 0.607
k 108 (mol2/J) 2.761 6.779 4.737 14.088
E (kJ/mol) 4.255 2.716 3.249 1.884
R2 0.825 0.856 0.801 0.845
ARE (%) 29.15 21.06 24.76 34.84

Experimental qm (mmol/g) 0.352 0.397 0.336 0.698
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management phases were considered the same for both cases (AC
and AEW); therefore they were not included.

Regeneration of adsorbents was not considered due to lack of
data. For pH control in AEW process, it was considered the addition
of nitric acid.

For calcination, the AC was considered to have 3.5% of ash
(Wernet et al., 2016) and the rest would be emitted as CO2. For
AEW, the ash content of 6% was determined in the laboratory
following the procedure reported by Díaz-V�azquez et al. (2015). The
nitrogen and carbon content was considered 1.5% and 30% (Cruz-
Rivera and Hay, 2001), respectively. During calcination, nitrogen
was emitted as NO2 and carbon as CO2.

3. Theory and calculation

Kinetic modeling of the process gives information about the
adsorption rate and controlling step of the process. Adsorption ki-
netic models may describe the process as a chemical reaction or as
sequence of diffusion steps and a final adsorption step (Qiu et al.,
2009). Pseudo-first and pseudo-second order models are based
on a chemical reaction consideration and provide overall rates of
adsorption, from a global perspective. On the other hand, diffusion
models consider different steps in the process and it is possible to
verify which one is rate limiting. Intra-particle diffusion, Boyd and
mass transfer in external film (MTEF) are examples of diffusion
models.

In this study, pseudo-first order, pseudo-second order, intra-
particle diffusion, Boyd and resistance to mass transfer in
external film were used to describe the adsorption kinetics.

For the first order sorption (Ho, 2004):

vq
vt

¼ k1ðqe � qÞ (5)

Integrating this for boundary conditions t¼ 0 to t¼ t and q¼ 0
to q¼ qe, gives:

q ¼ qe
�
1� e�k1t

�
(6)

where: qe is the amount of cadmium adsorbed at equilibrium
(mmol/g), q is the amount of cadmium adsorbed at time t (mmol/g),
k1 is the pseudo-first order constant (1/min).

For the rate constant of pseudo-second order (Ho and McKay,
1999):

vq
vt

¼ k2ðqe � qÞ2 (7)

Integrating this for boundary conditions t¼ 0 to t¼ t and q¼ 0
to q¼ qe, gives:

q
qe

¼ k2qet
1þ k2qet

(8)

where: k2 is the pseudo-second order rate constant (g/mmol.min).
Adsorption rate may be controlled by intra-particle diffusion or

by mass transfer through the external (boundary) film (Khezami
and Capart, 2005). Thus, in order to determine the rate control-
ling step, the results were fitted to the Intra-particle Diffusion, Boyd
and Resistance to Mass Transfer in External Film models.

Intra-particle diffusion model (Weber and Morris, 1963) is
formulated as:

q ¼ kdi$t
1=2 þ c (9)

where: kdi (mmol.g.min0.5) is the intra-particle diffusion rate con-
stant and c (mmol/g) is a constant related to the thickness of the
boundary layer. The value of constant c provides information about
the magnitude of the resistance to external mass transfer (Khezami
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and Capart, 2005).
Boyd model (Boyd et al., 1947) also considers intra-particle

diffusion and can be described by:

F ¼ q
qe

¼ 1� 6
p2 expð�BtÞ (10)

where: F is the fractional equilibrium achieved at time t, and Bt is a
parameter, function of F according to Equation (11):

Bt ¼ �0;4977� lnð1� FÞ (11)

Thus, Bt is calculated for each value of F, then it can be plotted
against t. In case of a linear behavior with the plot passing through
the origin, intra-particle diffusion is the rate controlling step.
Otherwise, the external mass transfer is the limiting process (El-
Khaiary, 2007). Another result given by this model is the effective
diffusion coefficient Di (cm2/s), obtained from the angular coeffi-
cient a of the plot of Bt against t.

a ¼ Dip
2

r20
(12)

where: r0 is the radius (cm) of the biosorbent assuming a spherical
shape.

TheMTEFmodel (Puranik et al., 1999) assumes that the diffusion
through the boundary layer is the limiting step. Other assumptions
are: intra-particle diffusion is negligible, the adsorbent surface is
spherical and homogeneous, perfect mixing in reaction volume,
equilibrium between the solute and the interface (on particle sur-
face) is reached rapidly, volume and temperature are constants
(Puranik et al., 1999). The MTEF model can be written as follows
(Cantuaria et al., 2016):

dq
dt

¼ V
m
KMT ½CðtÞ � CIðtÞ� (13)

where: C is the solution concentration (mmol/L) at time t, V is the
volume of solution (L), m is the mass of adsorbent (g), KMT is the
external film mass transfer coefficient (1/min), CI is the concen-
tration of solute in the boundary layer (mmol/L).

The Langmuir, Freundlich and Dubinin-Radushkevich (D-R)
models were fitted to equilibrium data by non-linear regression.
Langmuir (1918) model assumes the adsorption of one adsorbate
molecule by active site (monolayer adsorption) and also assumes
that all sorption sites are energetically uniform (Ruthven, 1984).
The Langmuir isotherm is given by the following equation:

q ¼ qmax$KL$Ce
1þ KL$Ce

(14)

where: qmax is the maximum metal sorption capacity (mmol/g), KL
is the ratio between adsorption and desorption rates (L/mmol) and
Ce is the equilibrium concentration of cadmium (mmol/L).

Hall et al. (1966) suggested the calculation of a dimensionless
equilibrium parameter named RL. This parameter gives information
about the favorability of the isotherm, according to Equation (15) .
This parameter is null for irreversible isotherms, falls in the range of
0e1 for favorable cases and RL is higher than 1 in non-favorable
isotherms.

RL ¼
1

1þ KLC0
(15)

where: C0 is the initial concentration of the adsorbate in the
aqueous phase (mmol/L).
Freundlich model considers a multilayer adsorption, the het-
erogeneity of adsorbent particles and is described by (Davis et al.,
2003):

q ¼ KF$C
1
=n
e (16)

where: KF (mmol1�1/n.L1/n/g) and n are constants. The values of KF

and n are related to the uptake intensity and to the maximum
adsorption capacity, respectively.

D-R isotherm (Dubinin and Radushkevich, 1947) is more general
than Langmuir model in the sense that it does not assume a ho-
mogeneous surface (Aksoyoglu, 1989; Inyinbor et al., 2016). This
model also provides an insight on the type of adsorption, physical
or chemical (Bal�a�z et al., 2015; Chakravarty et al., 2010). The
isotherm is expressed by:

lnðqÞ ¼ lnðqmaxÞ � kε2 (17)

where: q is the amount of cadmium adsorbed per unit weight of
adsorbent (mmol/g), qmax is the maximum adsorption capacity
(mmol/g), k is the constant related to the sorption energy (mol2/J2)
and ε is the Polanyi potential, which is given by:

ε ¼ RTln
�
1þ 1

Ce

�
(18)

where: R is the gas constant (J/mol.K) and T is the temperature (K).
The parameters of the model can be calculated from the inter-

cept and slope of the plot of ln(q) versus ε
2. The mean energy of

sorption E (kJ/mol) is calculated by Equation (19). Values between 1
and 8 kJ/mol indicate a physisorption, while energies between 9
and 16 kJ/mol are characteristic of chemisorption (Chakravarty
et al., 2010; Jain et al., 2009).

E ¼ 1ffiffiffiffiffiffi
2k

p (19)

The thermodynamic parameters were calculated using the
Freundlich constant obtained at the temperatures of the isotherms.
Usually, constants of Henry, Langmuir or other isotherms are
employed (Ghosal and Gupta, 2015; Tran et al., 2016). However, in
this case, Freundlichmodel presented the best fit to the equilibrium
data. In order to maintain the consistency of units, Equation (20)
(Tran et al., 2016) was applied to convert the unit of KF, while
Equation (21) (Ghosal and Gupta, 2015) was applied to obtain the
dimensionless equilibrium constant Keq.

K
0
F

"
mg
g

L1=n

mg1=n

#
¼ KF

"
mmol
g

L
1
n

mmol
1
n

#
ðMCdÞ1�

1
n (20)

Keq ¼ K 0
Fr

 
1

r =1000

!�1�1
n

�
(21)

where: KF (mmol.L1/n/g.mmol1/n) and n are the Freundlich con-
stants obtained from the equilibrium isotherm, KF’ (mg.L1/n/g.mg1/
n) is the modified Freundlich constant, MCd is the molecular weight
of the adsorbate (mg/mmol) and r (g/L) is the mass of water per
liter at the temperature of the isotherm.

The thermodynamics of the sorption process was analyzed by
the calculation of the enthalpy (DH), entropy (DS) and the Gibbs
energy (DG) changes using Equations (22) and (23) (Adebisi et al.,
2017; Demiral and Güng€or, 2016).
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lnKeq ¼ �DH
RT

þ DS
R

(22)

DG ¼ �RTlnKeq (23)

4. Results and discussion

The yield of alginate extraction from Sargassum filipendula was
24± 5%. This result is in agreement with the alginate content of
brown seaweeds (10e40%) reported in the literature (Davis et al.,
2003; Kleinübing et al., 2013). The yield of the biosorbent used in
this study (AEW) was 52± 3%. It is possible to conclude from the
high percentage of residue that alginate production generates a
large amount of waste. Therefore, this material would be of great
interest in toxic metal removal.

4.1. Sorption kinetics

Fig. 2 shows the kinetic curves obtained for biosorption of Cd(II)
in the three initial concentrations tested.

At 150min, the system is already in equilibrium with adsorbed
amounts qe of 0.34, 0.38 and 0.69mmoL/g for the concentrations of
1.0, 1.5 and 2.0mmoL/L, respectively. These values correspond to
57%, 42% and 54% of removal, respectively. Thus, the adsorbed
amounts increased with an increase in initial concentration due to
the higher driving force for mass transfer, same behavior verified by
Esmaeili et al. (2015) for the biosorption of mercury on algae
Sargassum glaucescens. Also, Romero-Gonz�alez et al. (2001) inves-
tigated the cadmium uptake by a commercial residue of alginate
extraction (from a mix of seaweeds) and obtained 0.37 and
0.59mmoL/g of removal for initial concentrations of 1.0 and
2.0mmoL/L, respectively, similar result of this work.

Table 2 shows the parameters obtained in non-linear kinetic
modeling. The validity of the applied models was evaluated by the
correlation coefficients (R2) and the average relative error (ARE).

Pseudo-first order model was more predictive than pseudo-
second order model, as indicated by the values of R2, ARE and the
proximity between experimental and calculated values of qe. In this
case, the concentration in the saturation state is proportional to the
Fig. 2. Kinetic curves for cadmium biosorption on the AEW with cadmium initial
concentrations of 1.0, 1.5 and 2.0mmoL/L.
adsorbed amount (Ben-Ali et al., 2017) and the adsorption rate is
directly related to the total unoccupied sites (Bl�azquez et al., 2011).
At low concentrations, the number of available binding sites is
higher; therefore the adsorption is faster in comparison to exper-
iments at higher concentrations. It results in the decrease in rate
constants with the increase in initial cadmium concentration. The
same observation was made by Ebrahimi et al. (2015) for cadmium
biosorption on a shrub plant seed.

In regard to the adsorption mechanism, intra-particle diffusion,
Boyd andMTEFmodels were applied to the data. In Table 2 it can be
seen that the intercepts (parameter c, according to Equation (9) ) of
the plots q vs. t1/2 of Intra-particle diffusion model were close to,
but not zero. According to this model, intra-particle is the limiting
step if the line passes through the origin and if the plot is linear.
Hence, the result suggests that internal diffusion is not determinant
to adsorption rate.

The Boyd model resulted in curves which did not cross the
origin. Thus, according to the model (El-Khaiary, 2007), intra-
particle diffusion is not the rate controlling step. In addition, the
effective diffusion coefficient Di obtained by Boyd model were four
to five orders of magnitude higher than 10�10 cm2/min, which ac-
cording to Singh et al. (2005) is the value for cases with intra-
particle diffusion controlling step.

The correlation coefficients of intra-particle diffusion model did
not indicate a good adjustment, with a R2 of 0.866 for the con-
centration of 1.0mmoL/L. However, the results agree with the
findings obtained with Boyd model, indicating that internal diffu-
sion does not controls the adsorption rate. Therefore, MTEF model,
which assumes that film diffusion is rate limiting, was employed.

MTEF correlation coefficients were higher and ARE were lower
than for other models. This fact corroborates the conclusion that
the diffusion through the boundary layer is the rate controlling step
of cadmium biosorption on dealginated residue from Sargassum
filipendula. Thus, an increase in agitation should reduce the mass
transfer resistance (Leusch and Volesky, 1995).

4.2. Equilibrium isotherms

Fig. 3 shows the isotherms for biosorption of Cd(II) on the AEW
obtained in 293, 303, 313 and 323 K. The maximum biosorbed
amount and the parameters obtained frommodel fittings are listed
in Table 3. In general, the isotherms present characteristic shapes of
favorable isotherms (McCabe et al., 2001).

From Table 3, in relation to R2 and ARE, Freundlich model best
described the biosorption of Cd(II) on the residue, except for the
temperature of 303 K. However, at 303 K, the ARE values for
Langmuir and Freundlich are close (18.10 and 20.78%, respectively).
Therefore, Freundlich model was considered to best fit the equi-
librium data. Past studies verified that Freundlich model describes
the biosorption of toxic metals on the raw algae Sargassum fili-
pendula. Vieira et al. (2007) investigated the biosorption of lead and
Fagundes-Klen et al. (2007) studied the removal of cadmium and
zinc, both works applied the seaweed Sargassum filipendula.

On the other hand, D-R model did not fit well the data and its
results may only represent an estimate. Nevertheless, the energy
values (E) obtained were lower than 8 kJ/mol, indicating that the
biosorption of cadmium on AEW is physical in nature. Plaza Caz�on
et al. (2012) and Vilar et al. (2006) also verified a physical bio-
sorption of cadmium on seaweeds Macrocystis pyrifera e Gelidium,
respectively.

The parameter n from Freundlich model resulted in values be-
tween 1 and 10. In addition, the values of RL parameter from
Langmuir isotherm were lower than 1. Both parameters denote a
favorable biosorption (Adebisi et al., 2017; Hall et al., 1966).

In regard to Langmuir isotherm, at the highest temperature



Fig. 3. Biosorption isotherms for Cd(II) biosorption on the AEW at (a) 293 K (20 �C); (b) 303 K (30 �C); (c) 313 K (40 �C) and (d) 323 K (50 �C).

Table 5
Thermodynamic parameters for the biosorption of cadmium on the AEW.

Parameter Temperature

303 K 313 K 323 K

KF
’ (mg/g) (L1/n.mg1/n) 8.972 6.026 3.383

Keq 9001.87 6060.94 3404.68
DG (kJ/mol) �22.94 �22.66 �21.84
DH (kJ/mol) �39.61
DS (J/mol.K) �54.26
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studied, it was obtained the highest amount of Cd(II) adsorbed.
Moreover, Fagundes-Klen et al. (2007) reported a qmax of
0.63mmoL/g at 303 K for the seaweed Sargassum filipendula “in
natura”. Therefore, even after alginate extraction, the algal residue
maintains more than 50% of Sargassum filipendula biosorption
capacity.

Table 4 presents qmax values obtained by Langmuir model for
various seaweeds in cadmium biosorption. It is possible to verify
that the AEW maintains an interesting cadmium biosorption ca-
pacity compared to other materials.
4.3. Thermodynamic study

The values of KF from Table 3 were used to calculate the equi-
librium constant Keq, for subsequent calculation of thermodynamic
parameters DH, DS and DG. Table 5 lists the thermodynamic pa-
rameters obtained.
Table 4
Maximum cadmium biosorption capacities for seaweeds reported in the literature.

Seaweed qmax (mmol/g) Te

Sargassum filipendula 0.63 30
Padina sp. 0.53 29
Fucus vesiculosus 0.65 29
AEW from Sargassum filipendula 0.43 30
The negative values of DG indicate that the biosorption of cad-
mium on the AEW from Sargassum filipendula is spontaneous.
Bertagnolli et al. (2014) also verified the spontaneity of chromium
sorption on the same biosorbent of this study. Values of DG ranging
from �400 to �80 kJ/mol indicate chemisorption, while values
from �20 to 0 kJ/mol are characteristics of physisorption (Yu et al.,
mperature (K) pH Reference

3 5.0 Fagundes-Klen et al. (2007)
8 5.0 Kaewsarn and Yu, (2001)
9 3.5 Holan et al. (1993)
3 3.5 This study



Table 6
Life cycle impact assessment of AEW and AC.

Impact category AC AEW

Acidification (kgSO2Eq) 1.21.10�03 1.05.10�03

Climate Change (kgCO2-Eq) 3.03.10�01 2.63.10�01

Human Toxicity (kg1,4-DCB-Eq) 2.63.10�02 2.29.10�02

Eutrophication (kgPO4
3--Eq) 1.21.10�04 1.13.10�04

Photochemical Oxidation (kgEthylene-Eq.) 4.76.10�05 4.14.10�05
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2001). In this study, the results were close to the range indicative of
physisorption, supporting the inference from D-R isotherm
analysis.

It was obtained a negative variation in enthalpy, indicating that
the biosorption is exothermic. However, the biosorption capacity
increased with increasing temperature, as can be seen in Table 3.
This behavior may be related to the ion exchange mechanism and
may be an indicative of its role in the process. At higher tempera-
tures, the mobility of ions increases (Mobtaker et al., 2008), favor-
ing the uptake of metal ions. Bertagnolli et al. (2014) also verified a
negative DH and an increase in biosorption capacity with
increasing temperature.

The negative values of DS signify that the entropy decreases in
the process. Bertagnolli et al. (2014) also observed negative values
for DG, DH and DS parameters for chromium biosorption on the
same biosorbent of this study.

4.4. Life cycle assessment

The comparison between the use of AC and AEW is presented in
Fig. 4. Comparison between AC and AEW use. (a) Considering electricity (b) AC withou
considered to be 100%.
Table 6 and Fig. 4 presents the relative results. It is possible to verify
that the AEW option resulted in smaller impacts.

For AC and AEW, electricity consumption accounts for most part
of impacts (Fig. 4a). The pH control is relevant for EUTR in AEW case
due to the need of nitric acid for pH control.

In the electricity mix, the technology with the highest impact
was the oil-fired thermal power, even with only a share of 3.7%. It
represented 60% of the electricity impact in HT, 50% in ACID, 45% in
PO, 20% in CC and EUTR. Coal-based power (share of 2.9%) was also
relevant for ACID (24%), HT (24%) and PO (21%). Thermal power
from biomass (especially sugarcane) is another important source
with impacts in ACID (23%) and EUTR (60%), mainly due to fertilizer
use. The major technology in Brazilian mix is hydroelectricity
(share of 68.1%). It accounted for 23% of impacts in CC due to CO2
and CH4 emissions related to land transformation, and 20% in PO
due to biogenic CH4.

Fig. 4b and c depict the contribution of each sub-process except
electricity consumption. For ACID, CC, HT and PO categories, the AC
production and calcination are relevant steps for AC and AEW,
respectively. The AEW option avoids AC production, which en-
compasses electricity consumption, hard coal and natural gas
burning (Wernet et al., 2016) (Fig. S1 in Supplementary Material).

Fig. 5 shows the comparison between the base case and the
alternative scenario (2024 electricity mix).

The alternative case resulted in a profile similar to the obtained
for the base case except for EUTR. The reduction of 2.4% in non-
renewable sources resulted in impact reductions of more than 5%
in all categories, exception for EUTR. In this case, the impacts
related to biomass-derived electricity overcome the lower impacts
t electricity (c) AEW without electricity. The maximum result of each category was



Fig. 5. Comparison between Base and Alternative Cases (a) AC and (b) AEW. The maximum result of each category was considered to be 100%.
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related to the other technologies in the mix. For AC, the biomass-
derived electricity accounted for 61.5% of EUTR impacts in base
case and increased to 65% in alternative case. For AEW, it increased
from 57.4% (base case) to 60.6% (alternative case).

5. Conclusions

The results obtained in this study demonstrated that the residue
of alginate extraction from the brown seaweed Sargassum fili-
pendula is a promising biosorbent material for cadmium removal
from aqueous solutions. The equilibrium is established rapidly,
within 150min, and the rate controlling step is the diffusion
through the boundary layer. Pseudo-first order and MTEF models
were the most predictive for kinetic data. The shapes of the iso-
therms indicate a favorable biosorption and the Freundlich model
described the equilibrium data. The dealginated residue presented
an interesting cadmium biosorption capacity of 0.43mmoL/g (at
303 K) in comparisonwith other raw seaweeds. The negative values
of DG and DH indicated that Cd(II) biosorption is spontaneous and
exothermic.

LCA analysis showed that the use of AEW resulted in lower
impacts in all categories. Electricity is a hotspot and a more
renewable mix planned for 2024 would lead to lower impacts,
except for EUTR. In AEW case, pH control is a relevant aspect with a
direct impact on EUTR.

The results indicate that the alginate-extraction residue is a
promising cadmium biosorbent and would result in interesting
burden reduction in some aspects compared to a commercial
material.
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