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Abstract

One of the most valuable approaches to eliminate heavy metal ions from aqueous solutions is biosorption. Cobalt and nickel
can be removed from aqueous solutions simultaneously using sodium chloride-treated Cystoseria indica, which is a kind of
brown algae. Three parameters, including pH, initial concentration of heavy metals, and adsorbent mass, were designated
to run batch adsorption experiments. The central composite design was employed to show the simultaneous change of all
factors according to a pre-specified experimental matrix that creates a response model in which the interactions between
the calculated responses and each variable as well as interaction influences, are revealed. R* values for the computed model
were 0.96 and 0.95 for the response surface 1 (cobalt) and 2 (nickel), respectively. Central composite design calculated the
optimum adsorption process as pH, 5.9; biomass dosage, 0.06 g; initial nickel concentration, 91.94 mg/l; and initial concen-
tration of cobalt 89.36 mg/l. The kinetic and isotherm models were engaged to evaluate the equilibrium data at the optimum
condition. The biosorption of both heavy metal ions obeyed the intra-particle diffusion kinetic model best, with the equi-
librium adsorption time at 80 min. The extended Freundlich isotherm model is better fitted for the equilibrium biosorption
data of nickel and cobalt ions. The maximum biosorption of nickel and cobalt ions simultaneously at optimized condition
was 69.99 and 75.21 mg/g, respectively.
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Introduction

Releasing heavy metals into the environment has turned
into universal problematic matters. Many industries are a
participant in unleashing toxic metals into the natural envi-
ronment, which can result in the entering of heavy metals
into the human and animal food chain. The accumulation of
toxic heavy metals can endanger human health (Salehi and
Madaeni 2014). Oil, gas, textile, battery industries evacuate
heavy-metal contaminants like nickel (Ni) and cobalt (Co)
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(Luo et al. 2018; Xu et al. 2013). Heavy metal ions tend
to accumulate in the human body and the natural environ-
ment (Park et al. 2015). Biosorption (based on the biological
materials to remove the heavy metals) (Ozdemir et al. 2020),
adsorption (mass conversion method) (Ojedokun and Bello
2016), reverse osmosis (based on the principle of size exclu-
sion and charge exclusion) (Hosseini et al. 2016), chemical
precipitation (adding chemicals to form metal precipitation)
(Nas et al. 2019), ion exchange (substituting the ions with
another) (Bila et al. 2013), and membrane filtration (pres-
sure-driven separation technique) (Daraei et al. 2013) can be
used to remove heavy metals from aqueous solutions. The
biosorption process is regarded as one of the most effective
ways of heavy metals removal for its outstanding features,
including low-priced, eco-friendly, renewability and large
biosorption capacity. Biosorption includes the passive bind-
ing to metabolic inactive materials stemmed from industrial
or agricultural by-products, forestry, marine or terrestrial
biological materials and microbe biomass. Macroalgae bio-
mass is broadly available and comprises various active sites,
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including hydroxyl, carboxyl and amine, in its cell buildings
that are reachable for heavy metal ions (Liang et al. 2019).

Many studies have reported that biosorbents compris-
ing bacteria, fungi, algae have the exceptional capability to
adsorb heavy metal ions (Kim et al. 2017; Taghi Ganji et al.
2005; Kajavian et al. 2019; Li et al. 2018).

Brown algae biomass has attracted much attention as a
biosorbent because of non-toxic nature, renewability, abun-
dance in the natural environment, and catalytic features in
the adsorption process (Esmaeili and Aghababai 2015). The
biosorption aptitudes of the brown algae, as macroalgae, can
be ascribed to the presence of carboxylic acid, sulfonic acid,
and amide groups (Akbari et al. 2015; Montazer-Rahmatia
et al. 2011).

The northern coast of the Gulf of Oman is recognized as
the most abundant source of macroalgae. Cystoseria indica
(C. indica) is a subclass of brown algae that can be found
plentifully in the Gulf of Oman (Sinaeia et al. 2018; Negm
et al. 2018). Growing in huge dimensions and including alg-
inic acid make the usage of C. indica reasonable in removing
heavy metals from aqueous solutions (Rasool et al. 2015;
John Babu et al. 2019). Oil-gas wastes and heavy metals
discharging into the marine environment can impact the
ecosystem of aquatic beings in the Gulf of Oman harmfully
(Ferraz et al. 2015; Sinaei et al. 2018). Therefore, C. indica
is an effective biosorbent to eliminate the contamination
from the Gulf of Oman.

Current study focused on the optimization of simultane-
ous adsorption of two heavy metal ions (cobalt and nickel) to
maximize the removal capacity of macroalgae, considering
operational condition, and using central composite design.
Not only, central composite design minimizes the number of
experimental runs, but also displays the interaction between
operational variables, and interaction among operational vari-
ables and removal efficiency. Sodium chloride was used to
treat the surface of brown algae (Cystoseria indica), which
is derived from the Oman Sea, to increase the steadiness and
the heavy metal adsorption capacity of the brown algae. The
optimum amount of pH, adsorbent mass, initial concentration
of Co, and initial concentration of Ni was attained using the
central composite design algorithm of Design-Expert soft-
ware. ATR-FTIR spectrometer and scanning electron micros-
copy (SEM) were utilized to characterize the surface of C.
indica. Moreover, isotherm and kinetic models were assessed
suing biosorption equilibrium data at optimum conditions.

Materials and methods
Materials

The stock solution of Co (Co(II)) and Ni (Ni(II)) was pre-
pared by dissolving Co nitrate (Co (NO;),.4H,0) and Ni
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nitrate (Ni (NO;),-6H,0) in distilled water. The changed
operational concentration of Co(II) and Ni(Il) was arranged
by dilution of Co(II) and Ni(I) stock solution with deion-
ized water. The solution pH was changed using HCI (0.1 N)
and NaOH (0.1 N). All of the chemicals in this study were
acquired from Sigma-Aldrich.

Cystoseria indica preparation

Cystoseria indica (C. indica) collected from the Oman Sea
were initially cleaned with deionized water to eliminate sur-
face from salts and dirt. Sunlight was employed to desiccate
the clean algal samples. Dried C. indica were sieved to the
size of 0.5-1.0 mm, after drying with the sun for twenty-four
hours. Afterward, the sieved C. indica were desiccated in
an oven at 70 °C for twenty-four hours, after washing with
deionized water. According to the previous studies, sodium
chloride (NaCl) was used to treat the surface of C. indica
macroalgae to raise its ability to adsorb heavy metals (Pin-
nola et al. 2019; Sari and Tuzen 2008).

Batch biosorption of Ni and Co from aqueous
solution

According to the pretests and previous studies, pH (2-6),
initial metal ion concentrations (30-150 mg/L), adsorbent
mass (0.06-0.1 g), and contact times (180 min) were chosen
to conduct the biosorption experiments at 25 °C. The algae
were added to the containers, including 100 ml of Ni and Co
solution, and stirred at 175 rpm for 5 h. After filtering algae,
atomic absorption spectroscopy (PinAcle 500, PerkinElmer,
USA) was applied to ascertain the residual metal ions con-
centrations in solutions at the end of adsorption experiments.
Equation (1) (equation) calculated the concentrations of the
metals adsorbed by C. indica (mg/L):

. V(C-C) W
m

C;and C;(mg/L) are defined as the initial and, finally, heavy
metal concentrations in the solution, respectively. V and m
are described as the solution volume (L) and the mass of
biosorbent (g), respectively. Input and output streams are
stopped during the batch adsorption process, unlike the con-
tinuous process.

Experimental design

Adsorption process variables, including the initial concen-
tration of Co, the initial concentration of Ni, adsorbent dose
and pH, were optimized to maximize the adsorption capac-
ity of C. indica for simultaneous adsorption of Co and Ni
using the central composite methodology of Design-Expert
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Table 1 Designated levels for variables of central composite design

Factors Unites -1 0 + 1

Adsorbent mass g 0.06 0.08 0.1
mg/L 30 90 150
Initial concentration of adsorbate (Ni) mg/L 30 90 150
pH - 2 4 6

Initial concentration of adsorbate (Co)

Software (version 11.0.0). Limitations selected for each vari-
able are existing in Table 1. According to the previous stud-
ies and the pretests, the level of variables was determined,
as shown in Table 1.

The finest circumstances can be determined by opti-
mizing variables to maximize the removal percentage (%
removal) of Co and Ni simultaneously using C. indica algae.
The overall explanation of the response surface is given in
Eq. (2) (Khosravi et al. 2017):

y= ﬂ0+2ﬁ,x,+2ﬂ”l+zz By + e )

In Eq. (2), y is correlated to the dependent variable, k is
the number of inputs (independent) variables, j3, is a con-
stant, and f3;;, 5, and f3; are linear, quadratic, and interaction
regression coefﬁc1ents, respectively. X; and X; are independ-
ent factors, and ¢ is the standard error.

Biosorption isotherm study

The multiple-metal system can impede the adsorption pro-
cess because heavy metals ions compete to gain active sites
on the C. indica surface (Hadi et al. 2013). Numerous indus-
tries release their wastewaters in the form of multi-metal
components, which is the main reason for this study to select
the binary system (Villar da Gama et al. 2018). In this study,
Langmuir and Freundlich isotherms were evaluated by the
equilibrium data at a constant temperature (Sahan 2019;
Gupta and Balomajumder 2015).

Langmuir isotherm study
Uniform and monolayer adsorption are the principles of the

Langmuir isotherm. The extended Langmuir isotherm can
be expressed by Egs. (2) and (3):

G =a K, Cpy 3)
o ™+ K Co +K1rCp

KLZ CeZ > ( 4)

9= qm2< 1+ K;,C,; + K,Cpp

K1, K19, G 1> G, are the Langmuir isotherm constants, and
C,, (mg/L) and C,, (mg/L) are the residual concentration of
Ni and Co at the end of the adsorption process, respectively.
The equilibrium data for Ni and Co biosorption can be pre-
sented by ¢g,; (mg/g) and g, (mg/g), respectively (Putro et al.
2017; Gaikwad and Balomajumder 2017).

Freundlich isotherm study

Heterogeneous systems can be defined by Freundlich iso-
therm. Equations (4) and (5) show extended Freundlich
isotherm:

el (5)

62 (6)

C,, and C,, are the residual concentrations of Ni and Co at
the end of the adsorption process, respectively; the unit of
C,, and C,, is mg/L. gel and ge2, respectively, can present
the equilibrium adsorption values of Ni and Co; g, and g,,
are equal to mg/g. Suffixes 1 and 2 are utilized to signify Ni
and Co, respectively.

X[, Y15 Z1, X9, ¥, Z, are the Freundlich isotherm constants.
Ky, Ko, 1y, and n, are the Freundlich isotherm constants
(Fan Huan et al. 2008). The equilibrium data of the sepa-
rately adsorbed Ni and Co by the C. indica were used to
calculate Freundlich isotherm constants and are presented
in Table 2. Nonlinear regression using MATLAB software
was used to evaluate the model parameters. The favorability
between the experimental data and the calculated data was
measured by the coefficient of determination (R?), which
is calculated using Eq. (7) (Chen et al. 2008; Yal¢in et al.
2012). The closeness of R? to 1.00 means a better fitting
between the experimental data and the computed data.

Table2 Langmuir and Freundlich isotherm parameters for the sepa-
rate adsorption of Ni (II) and Co (II) using C. indica at 25 °C (Kaja-
vian et al. 2019; Akbari et al. 2015; Montazer-Rahmatia et al. 2011)

Isotherms Parameters Ni Co

Langmuir q,, (mg/g) 41.11 77.13
K; (L/mg) 0.15 0.31
R 0.99 0.94

Freundlich K;(mg/g) (L/mg) 19.20 23.21
n 2.89 1.35
R 0.99 0.99
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2.8. Biosorption Kinetic of Ni and Co ions

The contact time of 300 min was determined as equilibrium
time for the adsorption processes of Co and Ni using C.
indica (Nuhoglu et al. 2002; Mudhoo et al. 2012). Pseudo-
first-order, pseudo-second-order, and intra-particle diffusion
kinetic models were used to describe biosorption kinetic of
Co and Ni ions using C. indica.

The pseudo-first-order model

The pseudo-first-order model was used to explain the mecha-
nism of the adsorption process. The pseudo-first-order equa-
tion can be described by Eq. (9) (Volesky 2001):

dq_

i K (q.-q,) ®)

where g, (mg g_l) is Ni(IT) and Co(II) uptake amount at time

t (min), g, (mg g™ is the Ni(II) and Co(II) uptake amount

at equilibrium, k; is the first-order reaction rate constant (
.21

min~ ).

The pseudo-second-order model

The pseudo-second-order model was utilized to com-
pute pseudo-second-order model parameters, and can be
described using Eq. (9) (Hamedy et al. 2000):

dg,

5 = Kala. - q,)? ©

where g, (mg g~ is Ni(II) and Co(II) adsorption amount
at time ¢ (min), g, (mg g_l) is the Ni(II) and Co(II) adsorp-
tion amount at equilibrium, and k, signifies the second order
reaction rate constant (g mg~! min~1).

Intra-particle diffusion model

Intra-particle diffusion model was also employed to disclose
the mechanism and influence of the rate-controlling step on
the adsorption process for the biosorption of Ni and Co
using C. indica and its linear form is given in Eq. 10 (Nagm
et al. 2018).
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1
q,=K,2+C (10)

Equation 10 shows intra-particle diffusion in which
C (mg/g) is adsorption constant, and K, (mg/g.min®) is
described as the rate of intra-particle diffusion, respectively.
q, (mg g~ is Ni(II) and Co(II) uptake amount at time ¢
(min).

Results and discussion
Characterization of brown algae

A scanning electron microscope (Hitachi SU-70, Japan) was
utilized to characterize SEM micrographs of C. indica. A
honeycomb structure, nonuniform pore distribution and high
roughness could be observed using the SEM image of C.
indica (Fig. 1).

The surface of C. indica comprises different functional
groups, including hydroxyl, phenolic, aldehydic, ketonic,
and carboxylic, which are the active sites for the adsorption
of Ni and Co (Leng et al. 2015). Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR, Platinum, Bruker,
Germany) analyses were utilized to study the surface of C.
indica. Figure 2 shows the ATR-FTIR analysis of C. indica.
The stretching vibration of O—H can be detected at 3400
1/cm, that can be ascribed to hydroxyl functional clusters
(Leng et al. 2015). The peak of 2900 1/cm, 1640 1/cm, and
1100 1/cm showed up because of C-H, aromatic CC and,
COC=- - bonds, respectively (Xiao et al. 2018; Liu et al.
2009). The high silica substance and oxygen-containing
groups of the C. indica can be described at a peak of 1037
1/cm (Xiao et al. 2018; Abdulrazzaq et al. 2014).

Experimental design outcomes

Lessening the number of experimental runs and simulta-
neous evaluation of the interactions among the operating
variables are the main advantages of optimizing according
to the experimental design. The simultaneous separation of
Co and Ni by C. indica was evaluated using batch adsorp-
tion experiments. Central composite design algorithm of
the design expert software delivered the experimental runs,
which were conducted several times to authenticate the
validity of results. Experimental runs and surface responses
are presented in Table 3. The surface responses were the
removal of nickel and cadmium. Statistical significance of
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Ta.ble 3 Runs and the results of Run Point Type ApH B Adsor- C Initial D Initial Response Response
Ni and Co removal percentage bent mass concentration  concentration Removal of Co Removal of
of Co of Ni (%) Ni (%)

1 Fact 2 0.06 30 150 40 60

2 Fact 4 0.08 90 90 58 42

3 Fact 4 0.08 90 90 58 42

4 Fact 2 0.1 150 150 62 38

5 Fact 4 0.08 90 30 61.3 38.6

6 Fact 4 0.08 30 90 49.2 50.7

7 Fact 6 0.1 30 150 44 56

8 Fact 2 0.06 30 30 55 45

9 Fact 4 0.06 90 90 59 41

10 Fact 4 0.08 90 90 57 43

11 Fact 6 0.06 30 150 41 59

12 Fact 2 0.06 150 30 62 38

13 Fact 2 0.1 30 30 53 47

14 Fact 6 0.1 150 30 65 34.6

15  Fact 4 0.08 90 90 53 47

16  Fact 6 0.06 150 150 64 36

17 Fact 2 0.1 150 30 62 38

18  Fact 6 0.06 150 30 65 35

19 Fact 2 0.1 30 150 40 60

20 Fact 2 0.06 150 150 61 39

21 Fact 6 0.06 30 30 56 44

22 Fact 4 0.1 90 90 56.7 432

23 Fact 4 0.08 90 90 59 41

24 Fact 4 0.08 150 90 64 36

25  Fact 6 0.1 30 30 61 39

26  Fact 6 0.08 90 90 60 40

27  Fact 6 0.1 150 150 64 36

28  Fact 4 0.08 90 90 57 43

29  Fact 4 0.08 90 150 51.5 48.4

30  Fact 2 0.08 90 90 55.2 41

Co removal and the variance of the outcomes have been
shown in Table 4. The effectiveness of variables on the
model response could be detected from P values less than
0.05 than the other variables (Khosravi et al. 2017; Salehi
et al. 2019; Askari et al. 2019). As shown in Table 4, A (pH),
C (initial concentration of Co) and D (initial concentration of
Ni) variable proposed a larger impact on the model response
for both Co removal as response surface 1. ANOVA (analy-
sis of variance) results can be seen in Table 4. It is evident

from the results depicted in Table 4, R? value for the calcu-
lated model is 0.96 for the response surface 1, which certifies
the favorability of the model for describing the biosorption
process behavior.

Statistical significance of Ni removal and the variance
of the results have been displayed in a Table 5. As shown
in Table 5, A (pH), C (initial concentration of Co) and D
(initial concentration of Ni) variable proposed a more sig-
nificant impact on the model response for Ni removal as
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Table 4 ANOVA for Co Source Sum of squares df Mean square F value P value Prob> F

removal model and ANOVA

results Model 1492.88 10 149.29 54.14 0.0001
A pH 49.34 1 49.34 17.89 0.0005
B Adsorbent mass (g) 1.23 1 1.23 0.4450 0.5127
C Initial concentration of Co 936.00 1 936.00 339.43 <0.0001
D Initial concentration of Ni 294.44 1 294.44 106.77 <0.0001
AB 5.06 1 5.06 1.84 0.1913
AC 0.5625 1 0.5625 0.2040 0.6566
AD 1.56 1 1.56 0.5666 0.4608
BC 1.56 1 1.56 0.5666 0.4608
BD 0.0625 1 0.0625 0.0227 0.8891
CD 203.06 1 203.06 73.64 <0.0001
Residual 52.39 19 2.76
Lack of fit 30.39 14 2.17 0.4934 0.8631
Pure Error 22.00 5 4.40
ANOVA results R’ 0.96

Table 5 ANOVA for Ni Source Sum of squares df Mean square F value P value Prob> F

removal model and ANOVA

results Model 1487.57 10 148.76 41.92 <0.0001
A pH 38.72 1 38.72 10.91 0.0037
B Adsorbent mass (g) 1.50 1 1.50 0.4233 0.5231
C Initial concentration of Co 940.33 1 940.33 264.96 <0.0001
D Initial concentration of Ni 297.68 1 297.68 83.88 <0.0001
AB 5.52 1 5.52 1.56 0.2274
AC 0.4225 1 0.4225 0.1190 0.7339
AD 1.82 1 1.82 0.5153 0.4823
BC 1.32 1 1.32 0.3726 0.5488
BD 0.0225 1 0.0225 0.0063 0.9374
CD 200.22 1 200.22 56.42 <0.0001
Residual 67.43 19 3.55
Lack of fit 45.43 14 325 0.7375 0.7014
Pure Error 22.00 5 4.40
ANOVA results R? 0.95

response surface 2, respectively. ANOVA (analysis of vari-
ance) results can be understood in Table 5. It is clear from
the outcomes shown in Table 5, R2 value for the computed
model is 0.95 for the response surface 2, which confirms the
validity of the model for explaining the biosorption behavior
of Ni ions using C. indica.

The effectiveness of variables was calculated via analysis
of variance (ANOVA). Tables 4 and 5 show these variables
and the outcome of the fitted model was uttered with accord-
ance to the removal percentage of Co and Ni to define the

regression model. Polynomial equations (Eq. 11, 12) were
calculated to forecast the response after analyzing the mul-
tivariate regression system:

Removal of Co (%) =56.46 + 1.66 X A + 0.2611 X B
+7.21 x C—4.04 x D+ 0.5625
X AB —0.1875 x AC — 0.3125
X AD —0.3125 x BC + 0.0625

X BD + 3.56 X CD
(11)
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Fig.3 Comparing the model predicted and the experimental out-
comes and, normal distribution of data against calculated data set for
Co biosorption

Removal of Ni (%) =43.38 — 1.47 X A — 0.2889 X B
—723xC+4.07xD+0.5875
X AB + 0.1625 x AC + 0.3375
X AD + 0.2875 x BC — 0.0375

X BD —3.54 X CD

12)

InEq. (11), A, B, C, and D are attributed to pH, adsorbent
mass, initial concentration of Co and initial concentration of
Ni, respectively. A positive factor signifies that the amount
of the response variable changes directly with changing of
its vales. Figure 3 contrasts the model predicted and the
experimental results surface response 1 (Co removal %) and
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shows the normal probability chart representing the favora-
bility of points on the linear pattern for surface response 1
(Co removal %).

In Eq. (12), A, B, C, and D are attributed to pH, adsorbent
mass, initial concentration of Co and initial concentration
of Ni, respectively. Figure 4 compares the model calcu-
lated and the experimental outcomes of surface response
2 (Ni removal %) and displays the normal probability chart
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indicating the validity of points on the linear pattern for sur-
face response 2 (Ni removal %).

Interactions of variables

Figure 5 illustrates the 3D charts of the two-component
interactions of the variables on Co removal through the
interaction charts. The interaction among removal, pH and
the adsorbent mass to remove Co from solution is revealed
in Fig. 5. Upregulating pH can increase the adsorption of Co.
Low pH led metal cations and protons to contest for active
sites, leading to low adsorption of metal ions. Furthermore,
electrostatic repulsion between positively charged surface
sites and positive metal cations causes to reduce the adsorp-
tion of Co. Increasing pH led to increasing the negativity of
active sites that allured more positively charged metal ions
for attachment. The biosorbent dosage could not affect the
biosorption capacity of C. indica to adsorb Co while the
more biosorbent dosage means the more active sites that
this is due the fact that the process of C. indica treatment,
using NaCl, did not saturate all of the sites accessible on the
NaCl-pretreated C. indica.

Figure 6 explains the two-component interactions of the
variables on Ni removal using the interaction charts. The
interaction among removal, pH, and the adsorbent mass to
remove Ni from the solution is exposed in Fig. 6. pH can
upregulate the biosorption of Ni. Low pH led metal cati-
ons and protons to compete for active sites, resulting in low
adsorption of Ni ions. Additionally, electrostatic repulsion
between positively charged surface sites and positive metal
cations leads to a decrease in the adsorption of Ni. Increas-
ing pH caused to increase the negativity of active sites that
trapped more positively charged metal ions for attachment.
The more biosorbent dosage means the more active sites,
but the biosorbent dosage could not influence the biosorp-
tion ability of C. indica to remove Ni. This is due the fact
that the process of C. indica treatment, using NaCl, did not
saturate all of the sites accessible on the NaCl-pretreated C.
indica. The interaction among removal, pH and the initial
concentration of Co to remove Co from solution is revealed
in Fig. 5. Figure 6 shows the dealings among the removal of
Ni, pH and the initial concentration of Co and Ni to elimi-
nate Ni from aqueous solution.

The more initial concentration of Co and Ni, the more
removal of Co and Ni. This is because the higher initial
heavy metal concentration increases the driving force of the
concentration gradient. Higher driving force means more

collisions between the heavy metal ions and adsorbents.
Also, with an increase in Ni concentration (Fig. 5), it can be
seen that the Co removal decreased because of the competi-
tive relationship between Ni and Co to acquire active sites.
Figures 5 and 6 reveal that adsorbent mass does not affect
the removal of Co when the initial concentration of Ni and
Co is increasing.

Published research (Yalcin et al. 2012; De France et al.
2002; Nuhoglu et al. 2002) showed the concentrations rang-
ing from 30 to 150 mg/1 could cause the highest capacities of
algal adsorption for Ni and Co removal in aqueous solutions
when they are in the binary system. Figures 5 and 6 show
the interferential effect of metal ions (Co>* and Ni**) on the
removal of each other by C. indica.

Comparing Figs. 5 and 6 suggested that C. indica tend
to adsorb more Co than Ni because Fig. 5 shows that with
raising the initial concentration of Co in the presence of
Ni, the removal of Co is increasing sharply, which leads to
more adsorption of Co in comparison to Ni. But from Fig. 6,
it can be seen that increasing the initial concentration of
Ni in the presence of Co does not increase the removal of
Ni, while the adsorption of Co is rising. Therefore, it can
be concluded that Ni is a loser in competition with Co to
acquire active sites on the C. indica macroalgae. Carboxyl,
sulfonic acid and alginate are the main functional groups on
the surface of C. indica [41]. These functional groups play
a key role to adsorb heavy metal ion from aqueous solution.
The synergistic effect of Ni and Co ions has been shown in
Figs. 5 and 6. Co succeeded in acquiring more active sites
on the surface of C. indica in the binary system. The higher
Co removal can be attributed to the alginic acid component,
which exists on the surface of C. indica (Mudhoo et al. 2012;
Xiong et al. 2013). The characteristics of the adsorbent can
be affected meaningfully by the metallic behavior in binary
systems (Volesky and Naja 2011; A-Davisa et al. 2003; Sen-
thilkumar et al. 2006).

The optimal conditions were obtained as: pH of 5.9,
the adsorbent mass of 0.06 g, initial concentration of Ni
91.94 mg/1 and initial concentration of Co 89.36 mg/l, which
lead to the maximum model-predicted removal percent-
age as 52.77% removal for Co and 47.33% removal for Ni.
The batch adsorption experiment was re-performed at the
obtained optimum settings. In this case, the experimentally-
measured removal was measured 53.99% for Co and 46.01%
for Ni. The outcome verified the rationality of the optimiza-
tion and the advanced model.
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«Fig.5 3D plots of the binary interactions of the variables: Interaction
among pH, adsorbent mass (the gram of C. indica), and initial con-
centration on the Co removal

Contact time experiments for Ni and Co adsorption

The impact of contact time on the adsorption of Ni and Co
by C. indica is shown in Fig. 7. Optimal condition: pH of
5.9, adsorbent mass of 0.06 g, initial concentration of Ni
91.94 and initial concentration of Co 89.36 were used to
conduct contact time experiments at 25 °C. Contact time
changes from 10 to 180 min. Figure 7 shows that 90% of
Ni and Co were adsorbed by C. indica in the first 70 min.
This is because of the empty active sites on the surface of
C. indica at the beginning of the adsorption process. Also,
a high concentration of Ni and Co can raise the adsorption
capacity of C. indica at the starting points of the adsorp-
tion process. At the end of the adsorption process, reducing
the number of active sites causes the reduction of Ni and
Co adsorption rate. Therefore, the contact time of 180 min
was selected to perform equilibrium experiments. Similarly,
180 min contact time was authenticated by the previously
published studies for Ni and Co biosorption using brown
algae (Liu et al. 2009; Abdulrazzagq et al. 2014).

Isotherm study for Ni and Co adsorption

Table 6 shows the extended Langmuir and extended Fre-
undlich isotherm parameters at the optimized conditions,
including a pH of 5.9, the adsorbent mass of 0.06 g, initial
concentration of Ni 91.94 mg/] and initial concentration of
Co 89.36 mg/l. The isotherm parameters were conducted at
a contact time of 180 min and a temperature of 25 °C. The
more value of R” signifies the better isotherm model for the
adsorption of Ni and Co using C. indica. The parameter
values of isotherms models for single-metal-component sys-
tems and binary-metal-component systems have been shown
in Tables 2 and 6, respectively. The equilibrium data for
C. indica better obeyed the extended Freundlich isotherm
for both Co and Ni. Table 6 shows that the extended Lang-
muir isotherm calculates the maximum adsorption capac-
ity of 67.09 and 71.13 for Ni(II) and Co(II), respectively.
Therefore, the biosorption process occurs on heterogeneous
surfaces and the concentration of adsorbed Co and Ni ions
can affect adsorption capacity.

Alginate plays a pivotal role to adsorb heavy metal ions
in the brown algae (Kumar et al. 2018). Figure 8 shows the
molecular structure of alginate. The more selectively adsorp-
tion of Co by C. indica than Ni can be attributed to the direc-
tion, form and the gap between indents of glucuronic acid
(G), which form a more appropriate complex with Co than
mannuronic acid (M), that lead to allow Co ions to enter the
structure (Hamedy et al. 2000).

Based on the experimental data, curve-fitting for the
extended Freundlich and extended Langmuir isotherms
has been shown in Fig. 9. For both Co and Ni, the positive
correlations between experimental data (g exp) and calcu-
lated-adsorption (g cal) were demonstrated by the extended
Freundlich isotherm. The regression correlation coefficient
(R?) values of extended Langmuir isotherm were 0.97 and
0.94 for Ni and Co, respectively, which are less than the
values of the regression correlation coefficient (0.98) values
of extended Freundlich isotherm for both Co (II) and Ni (II).
Consequently, extended Freundlich is the best model for Co
(IT) and Ni (II) adsorption.

Adsorption process kinetics

The regression correlation coefficient value (R?) was 0.97
for both Ni and Co when using the intra-particle diffusion
model, which is more than the calculated R? of the pseudo-
first-order and pseudo-second-order models for Ni and Co
biosorption using C. indica. Therefore, the intra-particle dif-
fusion model was obeyed more closely by the experimental
data for both Ni and Co biosorption using C. indica. Table 7
shows that the intra-particle diffusion model determines the
maximum adsorption capacity of 69.78 and 75.55 for Ni
(II) and Co (II), respectively. Based on the principles of the
intra-particle diffusion model, the biosorption process was
distributed to three stages, including the rapid adsorption,
the gradual inner diffusion step and the ending equilibrium
step (Hubbe et al. 2019).

Conclusion
The initial concentrations of Ni and Co were the most affect-
ing parameters on the adsorption Co and Ni ions using C.

indica. Comparisons of Co and Ni biosorption capacity of
treated brown algae, Cystoseria indica, indicate that the

a
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Fig.7 Contact time experi- 85
ments for biosorption of Ni(II) 80
and Co(Il) using C. indica 75
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Table 6 Isotherm parameters for the simultaneous adsorption of Ni

—0— Nickel
—@— Cobalt

20

and Co by NaCl- pretreated C. indica at optimized conditions

40

Isotherms Parameters Co
Extended Langmuir 4, (mg/g) 69.99 75.21
K; (L/mg) 0.19 0.28
R’ 0.97 0.94
Extended Freundlich X 0.006 0.05
y 1.10 3.11
z 0.05 0.20
R’ 0.98 0.98
o
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- H
o)
O
(o]
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Fig.8 The molecular structure of alginic acid (Pereira et al. 2017)

60 80 100 120 140 160 180 200
Contact time (min)

maximum sorption capacity for Co at an optimum pH of
5.9 was 75.21 mg/L, whereas the maximum Ni biosorption
capacity at an optimum pH of 5.9 was 69.99 mg/L. The opti-
mum conditions of the biosorption process were discovered,
pH of 5.9, the adsorbent mass of 0.06 g, initial concentration
of Ni 91.94 mg/1 and initial concentration of Co 89.36 mg/I1.
The simultaneous biosorption of Ni and Co obeyed the
extended Freundlich isotherm. The kinetic behavior of the
equilibrium data for Ni and Co sorption by C. indica is best
explained by the intra-particle diffusion kinetic model.

HO
HO
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Fig.9 Comparison of the experimental and calculated equilibrium adsorption values of Co and Ni in binary mixtures

Table 7 Kinetic parameters for the simultaneous adsorption of Ni and
Co by NaCl-pretreated C. indica at optimized conditions

Kinetic models Parameters Ni Co
pseudo-first-order q, (mg/g) 64.60 71.11
k; (1/min) 0.12 0.27
R? 0.89 0.88
pseudo-second-order q, (mg/g) 63.75 69.13
k, (g/mg.min) 0.004 0.003
R 0.87 0.86
Intra-particle diffusion C (mg/g) 69.78 75.55
k;, (mg/g min®%) 1.99 3.20
R 0.97 0.97
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