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Abstract: The removal of Pb(II) and Cu(II) ions by using marine red macroalgae (Gracilaria changii) as
a biosorbent material was evaluated through the batch equilibrium technique. The effect of solution
pH on the removal of metal ions was investigated within the range of 2–7. The response surface
methodology (RSM) technique involving central composite design (CCD) was utilised to optimise the
three main sorption parameters, namely initial metal ion concentration, contact time, and biosorbent
dosage, to achieve maximum ion removal. The models’ adequacy of response was verified by
ANOVA. The optimum conditions for removal of Pb(II) and Cu(II) were as follows: pH values of 4.5
and 5, initial concentrations of 40 mg/L, contact times of 115 and 45 min, and biosorbent dosage of
1 g/L, at which the maximum removal percentages were 96.3% and 44.77%, respectively. The results
of the adsorption isotherm study showed that the data fitted well with the Langmuir’s model for
Pb(II) and Cu(II). The results of the adsorption kinetic study showed that the data fitted well with
the pseudo-second order model for Pb(II) and Cu(II). In conclusion, red alga biomass exhibits great
potential as an efficient low-cost sorbent for removal of metal ions.

Keywords: biosorption; biomass; mathematical modelling; sorbent; isotherm; kinetics; optimization;
response surface methodology; heavy metals; lead; copper

1. Introduction

Heavy metal-containing water is a severe pollution issue that considerably affects the environment
and animal and human health. Heavy metals can accumulate in the food chain and cause major
human health problems if not managed and treated properly. Kim et al. classified heavy metals into
two groups based on their toxicity: essential and non-essential heavy metals [1]. Essential heavy
metals including Cu, Fe, Co, and Zn are relatively less toxic at low concentration levels. They can
act as cofactors in different biochemical and physiological functions in living organisms; however,
they become toxic if they exceed the threshold level [2]. On the other hand, non-essential heavy
metals including Pb, Cd, Hg, and As are highly toxic and can be lethal even at low concentrations.
Heavy metals severely affect the human nervous system and can cause headache, hypertension,
fatigue, anaemia, and even cancer [3,4]. Lead and Cu(II) are listed on the United States Environmental
Protection Agency (USEPA) priority control pollutants list due to their persistence and irreversible
toxic characteristics [1]. Rapid industrialisation increases the levels of heavy metal contamination in
the environment [5,6]. Heavy metals are discharged from various industries such as those involving
petroleum, mining, and electroplating (Table 1). If untreated, heavy metals can accumulate in the
receiving environment and directly or indirectly enter the food chain [2,7,8]. According to the USEPA,
the allowable levels of Pb(II) and Cu(II) in drinking water are 0.015 and 1.3 mg/L, respectively [9].
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Table 1. Some of the major industrial sources for Pb(II) and Cu(II) (Adapted from Nagajyoti et al. [8]).

Element Industries

Pb(II) Metal plating, mining, battery manufacturers, automobile and petroleum industries
Cu(II) Electroplating, chemical industries, dyes and pigments paper mills, textiles, and fertilizers

Different methods, such as ion exchange, chemical precipitation, membrane filtration, coagulation,
and flocculation, have been used for removal of heavy metals from wastewater. These methods
are either ineffective or expensive when heavy metals are present in low concentrations. Other
limitations of such methods are the complexity of the operation and large area requirement [10].
Adsorption is considered as an effective and economic removal method for heavy metals in wastewater
treatment. It offers simplicity and flexibility in both operation and design [6,11–13]. The utilization
of biomaterials has many advantages over conventional methods, including low cost, minimization
of chemical or biological sludge, the possibility of metal recovery, and the ability to regenerate bio
sorbents [14]. A variety of adsorbents, like graphene oxide [15], the metal organic framework [15],
zeolites [16,17], activated biochar [18], MXenes [19], carbon nanotubes [20], and activated carbon [21],
etc., have been reported for the removal of heavy metals from aqueous solutions. However, it should
be noted that compared to agricultural-based biosorbents, these adsorbents are often expensive.
Biosorption of heavy metals is an alternative economical method [22,23]. The criteria for selection
of the ideal biosorbent should include its availability, non-toxicity, cost, metal-binding capacity,
and regeneration [24]. Biosorbents that require minimal processing or are abundant in nature are
considered low-cost materials [25].

Macroalga biomass can potentially stabilise heavy metals due to their small uniform particle size
and presence of different metal binding sites on their cell walls [26–30]. Red macroalgae (Gracilaria
changii) are abundant in the coastal areas of Oceania, Africa, and Asia [31]. This seaweed species
is the most abundant macroalgae in Malaysia [32–34]. The utilisation of such a biomass resource
would provide a sustainable way to control biomass degradation in the environment and thus reduce
the related eutrophication problem in the oceans [35]. This study aims to examine and optimise the
performance of red macroalgae for the adsorption of Pb(II) and Cu(II) from aqueous solution through
batch equilibrium procedure and response surface methodology (RSM).

RSM is a well-recognised mathematical and statistical tool that can be used to evaluate the effects
of different factors on a response of interest. RSM is a powerful tool that measures regional optimal
responses by using a sequence of designed experiments [36]. In general, several steps are followed to
implement RSM, starting with the selection of independent variables that significantly affect the desired
response. The next step is to select an experimental design and conduct the experiments. The third
step is to statistically analyse the obtained data and fit them to a polynomial function. The fourth step
is to evaluate the model’s fit and finally determine the optimum values. RSM can be used to reduce the
number of tests needed to find the optimum conditions. RSM consists of mathematical and statistical
techniques based on fitting the experimental data with the empirical models. Central composite design
(CCD) is the most commonly used experimental design performed within the experiment range [36,37].
The present study investigated the effects of four different adsorption factors, namely solution pH,
initial metal ion, contact time, and biosorbent dosage, on removal of Pb(II) and Cu(II) ions. RSM
was utilised to optimise the effects of initial metal ion, contact time, and biosorbent dosage on the
biosorption process.

2. Materials and Methods

2.1. Collection, Purification, and Preparation of Red Alga Biomass

Red algae were collected from the Fishery Department of Langkawi. The biomass was washed
repeatedly with tap water to remove any trapped impurities and rinsed with distilled water for
additional purity. The washed biomass was sun dried for 2 days and oven dried at 70 ◦C for 24 h.
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The dried algae were ground using a mill (FRITSCH cutting mill combination PULVERISETTE 25/19)
(FRITSCH, Pittsboro, North Carolina, NC, USA). The obtained powder was sieved within the range of
0.15–0.30 mm and stored in airtight bottle.

2.2. Alga Biomass Characterisation

Field-emission scanning electron microscopy with energy-dispersive X-ray (FESEM-EDX)
spectroscopy (Carl-Zeiss AG, Oberkochen, Germany) was used to study the surface morphology of the
biosorbent and its component. The biosorbent was subjected to analysis by the instrument before and
after the biosorption of Pb(II) and Cu(II).

Fourier transform infrared (FTIR) spectroscopy (Perkin – Elmer, Waltham, Massachusetts, MA,
USA) was used to detect changes in the vibration frequency in the biosorbent before and after
biosorption. Infrared spectra were recorded within the range of 550–4000 cm−1. The spectral data were
processed using Essential FTIR v3.5 (Operant LLC, Madison, Wisconsin, WI, USA).

2.3. Preparation of Synthetic Solution

Stock solutions of metals (1000 mg/L) were prepared by dissolving 1.598 g of Pb(NO3)2 or 3.802 g of
Cu(NO3)2·3H2O in 1 L of distilled water. The stock solutions were diluted to obtain different concentrations.

2.4. Batch Biosorption Experiment

All adsorption tests were carried out in 250 mL conical flasks containing 100 mL of each Pb(II)
and Cu(II) solution. The tests were conducted by varying four factors, namely, pH (2–7), initial
concentration (10, 40, 70, 100, and 130 mg/L), contact time (10, 45, 80, 115 and 150 min), and biomass
dosage (0.1, 0.4, 0.7, 1, and 1.3 g/L), on metal biosorption. All the samples were agitated at 180 rpm at
room temperature in orbital shaker (Protech model 722). Samples were collected at the predetermined
interval and filtered through filter paper (Whatman No.1, 0.45 µm). The filtrates were examined for
metal ion concentration by using flame atomic absorption spectrophotometer (AAS) model (Agilent
200 series AA systems, 240FS AA, Agilent technologies, Santa Clara, California, CA, USA). A similar
procedure proposed by Lingamdinne was conducted for removal of metal ions [38]. The experiments
were conducted in triplicate to increase the precision and minimise error. Removal percentage was
calculated using Equation (1) [39]:

Removal % = 100 ×
(
C0 −C f

)
/C0 (1)

where C0 and Cf are the initial and final metal ion concentrations, respectively.

2.5. Design of Experiment

2.5.1. Effect of Solution pH

The effect of solution pH on the removal of metal ions was investigated by varying the pH within
2–7 while maintaining the ion concentration, contact time and dosage at 100 mg/L, 120 min and 1 g/L,
respectively. The solution pH was adjusted by adding NaOH and HCl solutions. After shaking,
the samples were filtered and examined using AAS.

2.5.2. Experimental Design Using RSM

RSM was used to design the experiment to model and evaluate the effects of three independent
variables (A: ion initial concentration, B: contact time and C: biosorbent dosage) on the response (R:
metal removal percentage). Full factorial CCD was implemented. The CCD for the three independent
variables was based on six axial points, eight factorial points and six replicates at the central point.
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The selected factors were varied at five levels (−α, −1, 0, 1, +α). The number of experiment runs was
calculated based on Equation (2):

N = 2K + 2K + C = 23 + 2 . 3 + 6 = 20 (2)

where N is the number of runs, K is the number of factors to be tested, and C is the number of
experiments conducted at the centre. The lower and higher limits of each factor are shown in Table 2.
The experiment data matrix was determined using State–Ease design expert v10.0.1. The obtained
model was statistically analysed using analysis of variance (ANOVA). The interactions between
variables were studied using surface contour plots.

Table 2. Ranges and levels of independent variables.

Independent Variable Ranges and Coded Levels

−α −1 0 +1 +α

Initial concentration (mg/L) 10 40 70 100 130
Contact time (min) 10 45 80 115 150

Adsorbent dosage (g/L) 0.1 0.4 0.7 1 1.3

2.6. Adsorption Isotherms

Adsorption isotherm models were utilised to examine the adsorption behaviour of metal ions
on the adsorbent. Langmuir and Freundlich isotherms are the most commonly used in exploring the
adsorption behaviour of metal ions. The Langmuir model assumes that the adsorption is a monolayer
type and occurs on a homogeneous surface with a finite number of active sites, regardless of the
existence of mutual interaction between the adsorbent molecules [40]. The linearized Langmuir
equation can be written in the following form:

Ce

qe
=

1
KL
×

1
qm

+ Ce
1
q m

(3)

where Ce (mg/L) is the equilibrium concentration, and qe (mg/g) is the amount of the adsorbed ion;
qm (mg/g) and KL (L/mg) are the maximum adsorption capacity and rate of adsorption (Langmuir
constant), respectively.

One of the essential characteristics of Langmuir isotherm modelling is the term of equilibrium
dimensionless parameter (RL), which can be calculated using Equation (4):

RL =
1

1 + KLC0
(4)

where KL (L/mg) and C0 (mg/L) are the Langmuir constant and initial ion concentration, respectively.
The RL value determines whether the adsorption is unfavourable (RL > 1), favourable (0 < RL < 1),
linear (RL = 1), and irreversible (RL = 0) [41].

The Freundlich model presumes that molecules are adsorbed on the heterogeneous surfaces based
on different energy sites. The model considers the mutual interaction between adsorbate molecules.
The linear form of the Freundlich equation can be used in the following form:

log qe = log KF +
1
n

log Ce (5)

where KF [(mg/g)/(L/mg)1/n] and 1/n are Freundlich constants related to capacity and favourability
of the adsorption, respectively. The values of 1/n within 0 and 1 indicate favourable adsorption.
n represents the intensity of adsorption.
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2.7. Adsorption Kinetics

Adsorption kinetics models were utilised to examine to study the effect of contact time between
adsorbent and adsorbate. The adsorption kinetics can strongly constrain the use of some adsorbents [42].
Small adsorption kinetics leads to longer adsorption process time which can cause the adsorption
to be inadequate [42]. In this study. Four different kinetics models were investigated, namely the
pseudo-first-order, pseudo-second order, the Elovich, and the intra-particle diffusion kinetic models,
and were used to test the experimental data.

The pseudo-first -order model is suitable for low concentration of adsorbate [43]. The linearized
form on this model can be expressed as follows:

log(qe − qt) = log(qe) − k1t (6)

where qe and qt is the metal uptake of G. changii at equilibrium and at time t, respectively, and k1 is the
pseudo-first order model constant.

The linearized form of pseudo-second-order model can be expressed as follows [42]:

t
qt

=
1

qeK2
+

1
qe

t (7)

where qe and qt is the metal uptake of G. changii at equilibrium and at time t, respectively, and K2 is the
pseudo-second order model constant.

The Weber–Morris diffusion kinetic model was applied to the experimental data using the
following form:

qt = kit0.5 + C (8)

where qt is the metal uptake of G. changii at time t (mg/g) and ki is the diffusion rate constant (mg/g
min0.5). The Elovich kinetic model simplified equation can be written in the following form [44]:

qt =
1
β

lnαβ+
1
β

ln t (9)

where α and β are the initial adsorption rage (mg/g min) and desorption constant (g/mg), respectively,
and qt is the metal uptake of G. changii at time t (mg/g).

3. Results

3.1. FESEM–EDX Analysis

The surface morphology and elemental composition of the biomass before and after the biosorption
were investigated using FESEM-EDX. Figure 1 shows the surface morphology of red algae before and
after the biosorption of Pb(II) and Cu(II). The morphological characterization of G. changii after the
biosorption of Pb(II) and Cu(II) was significantly different from those before biosorption. The pores
on the biomass surface became smooth after the biosorption. This change can be explained by
accumulation of metal ions on the surface by electrostatic attraction effect, which has been reported
previously by [6,45].

The EDX analysis showed the biosorbent surface elemental composition before and after the
biosorption. The system was calibrated using CaCO3 (C), SiO2 (Si), MAD-10 Feldspar (K), FeS2 (S),
Wollastonite (Ca), KCl (K), MgO (Mg), Mn (Mn), PbF2, and Cu as standards. The Pb-Mα peak was
recorded at 2.342 KeV overlapping with S-Kα peak at 2.304, the Pb-L peak at 10.55 was also recorded.
The Cu-Kα and Cu-Lα peaks were recorded at 8.04 and 0.93 KeV, respectively. The presence of Pb(II)
(wt% = 7.83%) and Cu(II) (wt% = 2.94%) on the surface of the biomass after biosorption confirmed
the attachment of the metal ions on the biosorbent surface. It was observed that amount of Mn, Mg,
and K decreased or disappeared after the biosorption process. This change demonstrates a possible ion
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exchange has occurred during the biosorption of Pb(II) and Cu(II). Similar observations were reported
by [46–48]. Elemental mapping was carried out to show the spatial distribution of each element
detected in EDX. All elements were recorded from their Kα line, except Pb, which was recorded from
its Lα line (Figures S1–S3).Water 2019, 11, x FOR PEER REVIEW 6 of 19 
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Figure 1. Field-emission scanning electron microscopy (FESEM) images (left) and energy-dispersive
X-ray (EDX) spectrums (right) for (a) unloaded biomass, (b) Pb(II)-loaded biomass, and (c)
Cu(II)-loaded biomass.

3.2. FTIR Analysis

The functional groups on the biosorbent surface and their interaction during the biosorption
process of Pb(II) and Cu(II) were investigated through FTIR spectrum analysis. Figure 2 shows the
peaks corresponding to the functional groups of red algae before and after the biosorption of metal ions.
The broad and strong peak at 3281.88 cm−1 was assigned to the overlapping of O–H and N–H stretching,
indicating the existence of hydroxy stretching and carboxylic groups on the surface on algae [22,49].
The peak at 2928.35 cm−1 was attributed to the C–H stretching vibration of aliphatic groups [6,50].
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The peaks at 1636.14 and 1545.21 cm−1 represented the presence of C=C stretching [51]. The peak
found at 1413.01 cm−1 was assigned to the C–H bonding [50]. The peaks observed at 1243.88 cm−1

was attributed to the C–O stretching [45]. The sulfoxide band was assigned to the peak observed at
1030.15 cm−1 [52,53]. The numerous characteristic peaks observed on the surface indicate the complex
nature of the biosorbent. The changes in vibration peaks are summarised in Table 3. The changes in
the vibrational frequency of the functional groups after the biosorption of Pb(II) and Cu(II) indicated
the involvement of these groups in the biosorption [6,54]. The difference in ion biosorption can be
attributed to the different ions’ affinity to for the functional groups [45].
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Figure 2. Fourier transform infrared (FTIR) image of red algae surface before and after biosorption of
Pb(II) and Cu(II).

Table 3. Infrared vibration wavenumber and functional groups observed on unloaded, Pb(II), and
Cu(II)-loaded biomass.

Wavenumber (cm−1) Functional Groups

Unloaded
Biomass Pb(II) Loaded Cu(II) Loaded Difference after Pb(II)

Biosorption
Difference after Cu(II)

Biosorption

1030.1515 1006.9091 1036.0909 23.2424 5.9394 S=O stretching
1243.8889 1241.3535 1239.1919 2.5354 4.697 C–O stretching
1413.0101 1411.6869 1401.9495 1.3232 11.0606 C–H stretching
1545.2121 1550.0505 1544.8687 4.8384 0.3434 C=C stretching

1636.1515 1630.1111 1629.9293 6.0404 6.2222 Asymmetric C=C
stretching

2928.3535 2928.6263 2932.7879 0.2728 4.4344 –C–H stretching

3281.8889 3271.0909 3279.1515 10.798 2.7374
O–H stretching and

N–H stretching
vibration

3.3. Effect of Solution pH

Solution pH is a crucial factor that affects the biosorption of heavy metals. pH affects the metal
ion chemistry in solution and the surface chemistry of the biosorbent [55,56]. The results obtained
at pH values higher than 5.5 were ignored due to metal precipitation that formed metal hydroxides.
These observations are similar to those reported by Sheng et al. [57] and Jalali et al. [58]. Therefore,
the high removal percentage of over 5.5 is mainly due to the incorporating role of metal precipitation
and adsorption [59]. A low removal percentage was observed at low pH. This finding might be
due to proton H+ competition with the metals’ cations for the adsorption sites [60]. The increase
in the removal percentage at pH higher than 5.5 could be attributed to the precipitation of metal
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hydroxide [58]. The maximum removal percentages were 60% and 22% at pH 4.5 and 5 for Pb(II) and
Cu(II), respectively. Similar results were obtained for Pb(II) and Cu(II) removal by using different
types of macroalgae, including Gracilaria corticate [58], Gracilaria canaliculate [58], Spirogyra spp. [61],
Cladophora spp. [61], and Gelidium sesquipedale [62]. Figure 3 shows the effect of solution pH on the
removal percentages of Pb(II) and Cu(II).
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100 pH vs Pb (II) Removal 
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Figure 3. Pb(II) and Cu(II) removal percentage against solution pH.

3.4. Model Development for Pb(II) and Cu(II) Removal

A CCD matrix was used to investigate the interaction effects of three important factors, including
metal ion concentration, contact time, and biosorbent dosage, on the removal of Pb(II) and Cu(II).
The experimental design and the responses are shown in Table 4. Based on the obtained results,
the following polynomial equations for Pb(II) and Cu(II) removal were developed:

Pb (II) Removal %
= 59.67− 19A + 1.4B + 17.76C + 3.8AB− 3.88AC− 2.45 BC + 1.71A2

+7.7 A2B − 13.43 A2
(10)

Cu (II) Removal %
= 19.9− 9.82A + 0.14B + 7.95C + 0.3AB− 3.13AC + 0.095BC + 3.25A2

+0.26B2
− 0.29C2

(11)

where A, B, and C are the coded values for the selected influential parameters, namely, metal ion
concentration, contact time and adsorbent dosage, respectively. Table 5 shows the ANOVA for the
polynomial equations and the corresponding regression coefficients for the removal models of Pb(II)
and Cu(II). The significance of the obtained models can be determined based on the p-value, the
correlation of determination (R2), and the results of the lack of fit test [36]. Both models showed
p-values less than 0.0001, suggesting their significance. The lack of fit test showed the variation of
responses around the fitted model. The insignificant lack of fit indicated that the model did not fit the
data well. The model fit the real data better for Cu(II) than for Pb(II). The values of R2 and adjusted R2

were higher than 0.99 for Cu(II), whereas those for Pb(II) were lower at 0.97 and 0.95, respectively.
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The coefficient of variance (CV) refers to the ratio of standard deviation to mean. The CV values
were 7.9 and 3.26 for Pb(II) and Cu(II) models, respectively. A model is reproducible if the CV value is
less than 10 [63]. Adequate precision (AP) is defined as the ratio of signal to noise [64]. An AP ratio
higher than 4 is desired. The AP values of the models were 22.135 and 80.572 for Pb(II) and Cu(II),
respectively, which showed a good signal and indicated that the models can be used to navigate the
design space.

Table 4. Experimental design for biosorption of Pb(II) and Cu(II) on Gracilaria changii. CCD: central
composite design.

RUN

Independent Factors Responses
CCD

PositionInitial
Concentration, A

Contact
Time, B

Adsorbent
Dosage, C

Pb(II)
Removal%

Cu(II)
Removal%

1 10 80 0.7 95.70 75 Axial
2 40 115 0.4 87.70 21.63 Factorial
3 40 45 0.4 69.30 22.39 Factorial
4 40 115 1 96.30 44.82 Factorial
5 40 45 1 93.50 44.77 Factorial
6 70 80 0.7 67.79 19.63 Central
7 70 80 0.7 69.14 20.66 Central
8 70 80 0.7 62.46 19.93 Central
9 70 80 0.7 61.37 19.67 Central
10 70 80 0.1 15.70 2.93 Axial
11 70 80 0.7 55.84 20.26 Central
12 70 10 0.7 54.06 20.11 Axial
13 70 80 1.3 86.74 33.48 Axial
14 70 80 0.7 58.48 19.69 Central
15 70 150 0.7 59.67 20.71 Axial
16 100 115 0.4 57.22 9.23 Factorial
17 100 115 1 56.10 19.46 Factorial
18 100 45 1 32.30 18.64 Factorial
19 100 45 0.4 29.39 8.36 Factorial
20 130 80 0.7 29.61 12.55 Axial

Table 5. Analysis of variance (ANOVA) for Pb(II) and Cu(II) biosorption models.

Response Source Sum of
Squares df Mean

Square F Value p-Value
Prob > F Comments

Pb(II)
Removal (%)

Block 325.79 1 325.79 SD = 4.89
Model 9488.33 9 1054.26 44.01 <0.0001 Mean = 61.92

A, initial
concentration 5775.00 1 5775.00 241.06 <0.0001 CV = 7.90

B, time 15.72 1 15.72 0.66 0.4389 R2 = 0.977
C, dosage 2523.21 1 2523.21 105.33 <0.0001 R2

(adj) = 0.9556
AB 115.73 1 115.73 4.83 0.0555 AP = 22.135
AC 120.14 1 120.14 5.01 0.0519
BC 48.13 1 48.13 2.01 0.1900
A2 77.75 1 77.75 3.25 0.1051

A2B 237.28 1 237.28 9.90 0.0118
A2C 721.92 1 721.92 30.13 0.0004

Residual 215.61 9 23.96
Lack of fit 167.75 5 33.55 2.80 0.1697 n

Pure error 47.85 4 11.96
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Table 5. Cont.

Response Source Sum of
Squares df Mean

Square F Value p-Value
Prob > F Comments

Cu(II)
Removal (%)

Block 67.24 1 67.24 SD = 0.69
Model 1931.73 9 214.64 457.06 <0.0001 s Mean = 21.00

A, Initial
concentration 801.85 1 801.85 1707.50 <0.0001 s CV = 3.26

B, time 0.30 1 0.30 0.64 0.4468 n R2 = 0.9981
C, dosage 1010.96 1 1010.96 2152.78 <0.0001 s R2

(adj) = 0.9959
AB 0.72 1 0.72 1.54 0.2500 n AP = 80.572
AC 78.56 1 78.56 167.28 <0.0001 s

BC 0.072 1 0.072 0.15 0.7063 n

A2 128.98 1 128.98 274.65 <0.0001 s

B2 1.61 1 1.61 3.43 0.1010 n

C2 1.90 1 1.90 4.04 0.0793 n

Residual 3.76 8 0.47
Lack of fit 2.92 4 0.73 3.47 0.1279 n

Pure error 0.84 4 0.21
S: significant; n: insignificant; df: degree of freedom; SD: standard deviation; CV: coefficient of variance; R2:
correlation of determination; AP: adequate precision.

3.5. Effect of Factors on the Removal Percentages of Pb(II) and Cu(II)

Three-dimensional surface plots present the effects and interactions of independent variables,
namely, ion concentration, contact time, and biosorbent dosage, on the removal percentages of Pb(II)
(Figure 4) and Cu(II) (Figure 5) as the responses. The interaction of initial ion concentration and
biosorbent dosage shown in Figures 4b and 5b indicates the significant influence of both factors on the
removal of Pb(II) and Cu(II). For both adsorbates, the removal percentages increased with increasing
biosorbent dosage. This result was due to the presence of additional active sites and large biosorbent
surface area that is readily available for adsorption [65]. The removal percentage was reduced by
increasing the initial ion concentration. This finding might be due to the limited active sites on the
biosorbent surface at high adsorbate concentrations [66]. The removal percentage was increased
slightly by increasing the residence time from 40 min to 115 min. These results confirmed that the
initial adsorption rate was very rapid due to the availability of large surface area and the presence
of unused sites on the biosorbent surface [38]. The slowing down of ion removal might be due to
the difficulty of reaching the remaining vacant sites. Repulsive forces can also be a factor in this case.
The efficiency of different macroalga species in metal ion adsorption has been reported [54,67,68].
The optimum values of the operation variables and the predicted maximum responses are presented in
Table 6. The maximum removal percentages for Pb(II) and Cu(II) were predicted to be 91% and 44%,
respectively. Verification experiments were conducted under the optimum conditions, and the removal
percentages were 96% and 44% for Pb(II) and Cu(II), respectively; these findings are similar to the
predicted values and indicated the suitability and accuracy of the suggested models. The diagnostic
plots of the predicted versus actual values for Pb(II) and Cu(II) removal percentages are presented in
Figure 6. The metal uptakes obtained under the optimum conditions were 38.52 and 17.9 mg/g for
Pb(II) and Cu(II), respectively. Table 7 lists the comparison of metal uptake of Pb(II) and Cu(II) onto
various types of algae.

Table 6. Predicted and experimental maximum values of Pb(II) and Cu(II) removal percentages
achieved in optimum conditions.

Heavy
Metal

Initial Concentration
(mg/L)

Contact
Time (min)

Adsorbent
Dosage (g/L)

Removal%
Desirability

Predicted Experimental

Pb(II) 40.000 115.000 1.000 91.425 96.3 0.940
Cu(II) 40.000 45.000 1.000 44.088 44.77 0.982
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Table 7. Comparison between metal uptake of various types of algae.

Algae Cu(II) Uptake (mg/g) Pb(II) Uptake (mg/g) References

Gracilaria corticata NA 53.87 [58]
Gracilaria canaliculata NA 41.44 [58]

Gracillaria sp. NA 93.24 [57]
Asparagopsis armata 20.97 62.16 [69]

Chondrus crispus 40.03 203.06 [69]
Jania rubens NA 29.00 [55]

Pterocladia capillacea NA 33.15 [55]
Fucus spiralis 69.90 203.05 [69]

Ascophyllum nodosum 57.83 178.19 [69]
Sargassum sp. 62.91 240.35 [57]

Padina sp. 72.44 259.00 [57]
G. changii 17.90 38.52 Current study



Water 2019, 11, 2325 12 of 18

Water 2019, 11, x FOR PEER REVIEW 12 of 19 

 

Table 7. Comparison between metal uptake of various types of algae. 

Algae Cu (II) Uptake (mg/g) Pb (II) Uptake (mg/g) References 

Gracilaria corticata NA 53.87 [58] 

Gracilaria canaliculata NA 41.44 [58] 

Gracillaria sp. NA 93.24 [57] 

Asparagopsis armata 20.97 62.16 [69] 

Chondrus crispus 40.03 203.06 [69] 

Jania rubens NA 29.00 [55] 

Pterocladia capillacea NA 33.15 [55] 

Fucus spiralis 69.90 203.05 [69] 

Ascophyllum nodosum 57.83 178.19 [69] 

Sargassum sp. 62.91 240.35 [57] 

Padina sp. 72.44 259.00 [57] 

G. changii 17.90 38.52 Current study 

 

Figure 5. Combined effect of process variables (a) initial concentration and contact time, (b) initial 

concentration and biosorbent dosage, (c) contact time and biosorbent dosage on Cu (II) removal with 

interaction effect of dual factors, (d) removal percentage at each factorial point. 

Figure 5. Combined effect of process variables (a) initial concentration and contact time, (b) initial
concentration and biosorbent dosage, (c) contact time and biosorbent dosage on Cu(II) removal with
interaction effect of dual factors, (d) removal percentage at each factorial point.Water 2019, 11, x FOR PEER REVIEW 13 of 19 

 

 

Figure 6. Diagnostic plots of predicted versus actual values for removal percentages of (a) Pb (II) and 

(b) Cu (II). 

3.6. Adsorption Isotherm Study 

The sorption equilibrium data were tested with the Langmuir and Freundlich isotherms. The 

model parameters for each isotherm and their respected correlation coefficients (R2) are shown in 

Table 8. Figure 7 illustrates the Freundlich and Langmuir adsorption isotherms of ions on the 

biosorbent. The Langmuir isotherm best fitted for Pb (II) and Cu (II) on the red algae, with R2 greater 

than 0.99. This fitting indicated that the sorption of both metal ions had a mono layer coverage on the 

sorbent surface [54]. The maximum sorption capacity was higher for Pb (II) than that for Cu (II). The 

KL value of Pb (II) was higher than that of Cu (II), indicating the higher affinity of the former to the 

bonding sites on the alga surface. The values of RL were 0.056 and 0.108, confirming the favourable 

sorption of Pb (II) and Cu (II) onto the alga biomass [70]. 

Table 8. Langmuir and Freundlich isotherm constants for Pb (II) and Cu (II). 

Heavy 

Metal 

Langmuir Isotherm Coefficient Freundlich Isotherm Coefficient 

qm 

(mg/g) 

KL 

(L/mg) 
R2 RL KF [(mg/g)/(L/mg)]1/n 1/n R2 

Pb (II) 62.89 0.42 0.9998 0.056 28.98 0.228 0.9614 

Cu (II) 21.27 0.206 0.9992 0.108 11.975 0.1233 0.9415 

  

Figure 6. Diagnostic plots of predicted versus actual values for removal percentages of (a) Pb(II) and
(b) Cu(II).



Water 2019, 11, 2325 13 of 18

3.6. Adsorption Isotherm Study

The sorption equilibrium data were tested with the Langmuir and Freundlich isotherms. The model
parameters for each isotherm and their respected correlation coefficients (R2) are shown in Table 8.
Figure 7 illustrates the Freundlich and Langmuir adsorption isotherms of ions on the biosorbent.
The Langmuir isotherm best fitted for Pb(II) and Cu(II) on the red algae, with R2 greater than 0.99.
This fitting indicated that the sorption of both metal ions had a mono layer coverage on the sorbent
surface [54]. The maximum sorption capacity was higher for Pb(II) than that for Cu(II). The KL value
of Pb(II) was higher than that of Cu(II), indicating the higher affinity of the former to the bonding sites
on the alga surface. The values of RL were 0.056 and 0.108, confirming the favourable sorption of Pb(II)
and Cu(II) onto the alga biomass [70].

Table 8. Langmuir and Freundlich isotherm constants for Pb(II) and Cu(II).

Heavy Metal
Langmuir Isotherm Coefficient Freundlich Isotherm Coefficient

qm (mg/g) KL (L/mg) R2 RL KF [(mg/g)/(L/mg)]1/n 1/n R2

Pb(II) 62.89 0.42 0.9998 0.056 28.98 0.228 0.9614
Cu(II) 21.27 0.206 0.9992 0.108 11.975 0.1233 0.9415
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3.7. Adsorption Kinetic Study

In this study, four different kinetics models were investigated, namely the pseudo-first order,
the pseudo-second order, and the Elovich and the intra-particle diffusion kinetic models, to test the
experimental data. The parameters for each kinetic model and its respected correlation coefficients (R2)
are shown in Table 9. Plots of the four kinetic models are shown in Figure 8. The experimental results
fitted well with the pseudo-second order model, with the correlation of the coefficient close to unity.

Table 9. The pseudo-first order, pseudo-second order, and Elovich and intra-particle diffusion kinetic
parameters for biosorption of Pb(II) and Cu(II) onto G. changii.

Model Equation Parameters Pb(II) Cu(II)

Pseudo-first order log(qe − qt) = log(qe) − k1t
qe (mg/g) 14.3152 17.4
k1 (1/min) 0.0392 0.04

R2 0.9033 0.9024

Pseudo-second order t
qt
= 1

qeK2
+ 1

qe
t

qe (mg/g) 40.322 20.04
k2 (g/(min·mg)) 0.366 0.148

R2 0.9985 0.9976

Elovich kinetic model qt =
1
β lnαβ+ 1

β ln t
α 16.385 10.536
β 0.1659 0.258

R2 0.8828 0.9901

Intra-particle diffusion qt = kit0.5 + C
C 21.827 5.9639

ki (mg/(g·min0.5)) 2.7288 1.8402
R2 0.7646 0.9425
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4. Conclusions

Batch sorption experiments were conducted using red algae as a biosorbent for Pb(II) and Cu(II)
ions. The effect of solution pH on the removal percentage was studied. The optimum solution pH
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values were determined as 4.5 and 5 for Pb(II) and Cu(II), respectively. In addition, RSM was applied
to determine the optimum values of initial ion concentration, contact time, and biosorbent dosage
to maximise the responses. The optimum conditions for removal of Pb(II) and Cu(II) included the
following: initial concentration of 40 mg/L, contact time of 115 and 45 min, and adsorbent dosage of 1
g/L, under which 96.3% and 44.77% removal percentages were achieved, respectively. The adsorption
isotherms best fitted the Langmuir model. The adsorption kinetics best fitted the pseudo-second order
model. Hence, red alga biomass exhibits huge potential as a cheap and locally available biosorbent for
removal of metal ions from industrial wastewater.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2325/s1,
Figure S1: EDX element maps of G. changii before biosorption, Figure S2: EDX element maps of G. changii after
Pb(II) biosorption, Figure S3: EDX element maps of G. changii after Cu(II) biosorption.
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