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Abstract Pb(II) biosorption of untreated (CA-UT), and treated or metal chloride-activated (CA-T) 
Azolla microphylla microencapsulated with calcium alginate were investigated for contact time, pH, and 
temperature in the present study. Pb(II) biosorption rate was recorded highest within the first hour at pH 4.5-
5.0. Albeit, no significant difference at 25±2 oC, and 40 oC. The biosorption kinetics were further described 
by pseudo-first- and second-order and multi-linear intraparticle diffusion graphs. Results showed that R2 
values was recorded at 0.4619 – 0.9912 in the pseudo-first-order model, while in the pseudo-second-order 
model, R2 values was recorded at 0.9936 – 1.000. These kinetic models indicated the biosorption process 
of Pb(II) is a complex mechanism and influenced by various factors predominantly the pH and time of 
exposure. Maximum lead removal efficiency for metal uptake was recorded at 2 mg of Pb(II) per gram of 
biosorbent at pH 4.5–5.0 at 25±2 oC, and 40 oC. The Pb(II) biosorption efficiency was generally increased 
from CA-UT < CA < CA-T. This study demonstrated the applicability and effectiveness of A. microphylla 
in lead abatement, which could be a potential approach in phytoremediation for sewage treatment plant. 
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Introduction

Over the past centuries, the outgrowth of anthropogenic activities and the inefficient enforcement of 
environmental regulations in many countries have resulted in inevitable environmental destruction, such 
as heavy metal pollution (Gebremedhin and Berhanu 2015). Heavy metals are toxic, and they often cause 
irreversible adverse effects on the ecological chains and its inhabitants (Ali et al. 2019). It is a well-established 
fact that the toxicity of heavy metals is often associated with the type of metal, exposure rate, and route, as 
well as the physiology of exposed individuals (Ab Razak et al. 2015). Among the heavy metals, lead (Pb) 
is of significant concern to the public due to their highly toxic nature, and biomagnification effects in the 
aquatic environment (Jeyakumar and Chandrasekaran 2014). Studies show that lead metal exposure could 
disrupt physiological, biochemical, and behavioral functions in aquatic organisms, as well as in humans (Fu 
and Wang 2011; Sharma et al. 2014).
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Chemical precipitation, ultrafiltration, and electrochemical treatments are commonly used to mitigate 
heavy metal pollution in wastewater (Salman et al. 2012). However, they are labor-intensive, require large 
energy input, and costly in terms of operation. In recent years, biosorption has emerged to be a promising 
alternative in heavy metal abatement. Biosorption is an environmentally friendly and cost-effective approach 
that requires lower energy input. It utilizes the metal sequestering properties of natural materials from the 
biological origin (Hlaing et al. 2011). Among the water plants, Azolla has been regarded as an emerging 
biosorbent for heavy metal due to its unique biosorption capacity associated with the metal-binding on the 
plant cell walls (Sood et al. 2012).

Azolla is a free-floating aquatic fern member of the Azollaceae family. This plant is native to Asia, Africa, 
and America. Owing to its N-fixing abilities, quick biomass doubling rate, toleration, and accumulation of a 
vast range of pollutants, the fern has been explored for various scientific research. The plant can extensively 
colonize both fresh and contaminated non-turbulent water bodies (Sood et al. 2012). Its invasive nature may 
be seen as an ecological threat, however, studies showed that this species could be a promising candidate 
for heavy metal biosorption (Taghi et al. 2005). Azolla biosorption capacity is largely attributed to its cell 
wall polysaccharide constituents, e.g. pectin and cellulose. The carboxyl groups in these constituents react 
with Ca2+ or Mg2+, forming three-dimension polymers, (-COO)2Ca and (-COO)2Mg, which act as the bases 
for heavy metal ion exchange. Similar to a study by Raize et al. (2002), lead removal could be activated 
through sequestration mechanism by the plant biomass, the binding mechanisms included a combination of 
ion exchange, chelation, and also reduction reactions. When Azolla treated with oxidation agents, this could 
further enhance heavy metal removal ability due to metallic lead precipitation on the plant’s cell wall matrix 
(Raize et al. 2002; Khosravi et al. 2005). 

Biosorbent immobilization is a common technique used to increase biosorption potential in industrial 
applications (Kanamarlapudi et al. 2018). Among these techniques, calcium alginate encapsulation is a 
common, economic, and simple way to reinforce the durability of bio-matrix. Encapsulation of Azolla 
using calcium alginate is able to reinforce its durability, while facilitating heavy metal separation during 
wastewater treatment. This study aims to investigate Pb(II) biosorption capacity, biosorption kinetics and 
biosorption mechanisms of A. microphylla encapsulated in calcium alginate. The outcome of the study 
provides a comprehensive conception of the potential use of phytoremediation in industrial wastewater 
treatment. 

Materials and methods 

Azolla biomass preparation

Azolla microphylla was collected from a local harvester (Puchong - Batu Dua Belas, Selangor, Malaysia). 
Fresh Azolla sample (~1kg) was cleaned with 1 L of distilled water to remove debris. The samples were 
squeezed and dried in the hot air oven at 50 oC for 24 h. After drying, the sample was minced using an electric 
homogenizer (LabGEN 125, Cole-Parmar, USA), and sieved through a mesh (~1.5 mm) to obtain powder-
like particles. The sieved Azolla sample (categorized as untreated Azolla, UT) was placed in a covered glass 
beaker for the subsequent experiments. Two different treatments were studied i.e. immobilized dried Azolla 
(CA-UT, untreated and calcium alginate microencapsulated Azolla) and the immobilized dried Azolla with 
metal chloride-activated treatment (CA-T, treated and calcium alginate microencapsulated Azolla). 

Metal chloride-activated treatment of Azolla biomass

All treatment procedures were carried out at room temperature (24 ± 2 °C) and agitation rate at 150 rpm 
(Shaking incubator; Bibby ScientificTM- SI500, Stuart, UK). Dried Azolla sample (1 g) was firstly treated 
with 0.2 M NaOH (1:10 w/v) at pH 10.5 ± 0.2. The sample was then filtered and washed five times with 
distilled water to remove excess Na+ ions. Subsequently, the sample was treated with a combination of 
1:0.5:0.5 molar ratio of CaCl2/MgCl2/NaCl, at 1 g sample: 250 mL chloride salts solutions ratio (1:250 w/v) 
for 5 hours. The sample was then filtered and washed for another five times with distilled water to remove 
excess cations. Finally, the filtered sample was dried in the hot air oven at 50oC for 20 hours and kept in an 
airtight container before the microencapsulation (CA-T beads) process (Khosravi et al. 2005).
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Preparation of calcium alginate beads

Sodium alginate (Na-Alg) solution 1% (w/v) was prepared by dissolving Na-Alg (R & M Marketing Essex, 
UK) in distilled water, and left in a refrigerator (at 4oC) for overnight. The alginate microencapsulation 
experiments were divided into three groups. One group labelled as calcium alginate beads loaded with 
chloride-activated treated Azolla (CA-T), calcium alginate beads loaded with untreated Azolla (CA-UT), 
and control of unloaded calcium alginate beads (without the addition of Azolla, CA), respectively. All 
experiments were performed in triplicates. 

The Azolla of CA-T and CA-UT were settled in the sodium alginate. A concentration of 1% (w/v) 
sodium alginate was used to prevent the clogging issue in the 50 mL syringe. The sodium alginate solution 
containing Azolla was mixed evenly and dripped carefully into a 0.2 M CaCl2 solution without agitation 
(Merck, Germany). The formation of alginate beads was carried out carefully and measured using a caliper 
to ensure the diameter between beads was at the lowest discrepancy (3.9 ± 0.3 mm) among the treatments. 
The beads were left in the CaCl2 solution for overnight at 4 oC. The beads were then rinsed with distilled 
water and stored at 4 oC based on assigned groups (Figure 1) in different Schott bottles before use. 

Pb(II) biosorption experimental design

Batch biosorption experiments were conducted to determine Pb(II) removal efficiency in the beads (CA, 
CA-UT, and CA-T). A 1000 mg L-1 lead nitrate stock solution was prepared by dissolving Pb(NO3)

2 (GENE 
Chem, Canada) in distilled water. The pH of Pb(II) solutions was adjusted with 0.1M HCl (Merck, Germany) 
or 0.1M NaOH (Merck, Germany), to obtain specific pH values of 4.5, 5.0, 5.5, and 6.0. Biosorption 
experiments were carried out by adding 1 g of beads into 20 mL of 100 mg L-1 lead solution (1:20 w/v) at 
different pH mentioned earlier. The mixtures were subsequently agitated with a shaking incubator at 150 
rpm for 6 hours, at 24 ± 2°C, and 40°C. The samples were analysed at 60, 120, 180, 240, 300, and 360 min 
intervals using a flame atomic absorption spectrophotometer, AAS (PerkinElmer Analyst 100, air-acetylene 
flame, 15mA/324.8 nm, USA). The sample analysis was conducted in triplicates, with each replicate was 
repeated thrice to ensure the consistency of data. 

The percentage of Pb(II) adsorbed by the beads in the aqueous solutions were calculated using the 
following equation: 

 Heavy Metal Removal Efficiency (%) = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓
𝐶𝐶𝑖𝑖

 × 100                                  (Equation 1) 

 
Where, Cf is the final, and Ci is the initial concentration of heavy metal in aqueous solution (in mg L-1). The 
assessment on the Pb(II) biosorption efficiency of CA, CA-UT, and CA-T at different pH, i.e. pH 4.5, 5.0, 
5.5, and 6.0 was investigated using the same experimental set-up. 

Fig. 1 A. a plain calcium alginate bead (CA), B. untreated Azolla alginate bead (CA-UT), and C. treated Azolla alginate bead (CA-
T). The average diameter of beads ranging at 3.9 ± 0.3 mm-1 bead

 



Int Aquat Res (2020)  12:183-195186

Kinetic studies

The amount of Pb(II) adsorbed per unit weight of beads were calculated using the following equation: 

Heavy Metal Uptake Capacity, qt (mg g⁄ ) = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓
𝑊𝑊 𝑉𝑉                                 (Equation 2) 

 
Where, V is the volume of heavy metal solution (L), and W is the mass of beads (g).

The mechanism of Pb(II) biosorption process was determined by the pseudo-first-order equation, 
pseudo-second-order, and intraparticle diffusion models:
Pseudo-first-order formula (Lagergren 1898):

log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = log 𝑞𝑞𝑒𝑒 − ( 𝑘𝑘1
2.303) 𝑡𝑡                                                   (Equation 3) 

 
Pseudo-second-order formula (Ho and McKay 2000):

𝑡𝑡
𝑞𝑞𝑡𝑡
= 1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+ 𝑡𝑡

𝑞𝑞𝑒𝑒
                                                                      (Equation 4) 

 
Intraparticle diffusion formula (Quiton et al. 2018):

𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑝𝑝 ∙ 𝑡𝑡
1
2 + 𝑘𝑘𝑑𝑑                                                                  (Equation 5) 

 
Where qe and qt are the amount of Pb(II) ions adsorbed per unit weight of beads at equilibrium and at time 
t, respectively (mg g-1); k1 and k2 is the rate constant of pseudo-first-order biosorption (min-1) and pseudo-
second-order biosorption (g mg-1 min), respectively; kd is the boundary resistant constant (mg g-1), and kp is 
the intraparticle diffusion rate constant (mg g-1 min-1/2). 

Fourier Transform Infrared spectroscopy (FTIR) characterization 

Fourier Transforms Infrared (FTIR) spectroscopy was used to characterize the functional groups responsible 
for heavy metals biosorption on the biosorbents i.e. CA, CA-UT, and CA-T beads, and the fresh sample 
of A. microphylla. The CA-T, CA-UT, CA, and Azolla biomass (prepared as previously mentioned in 
Azolla biomass preparation) were air-dried at room temperature (25 ± 2 oC) for 24 hours. The samples 
were ground into a fine powder and mixed in a potassium bromide, KBr matrix before FTIR analysis. 
Functional group characterization of the biosorbents was performed using Thermo Scientific Nicolet iS5 
FT-IR spectrophotometer (Thermo Fisher, USA), with a scanning range within 4000-400 cm-1 in 256 scans 
at a resolution of 1 cm-1. The analysis was performed in triplicate to ensure data consistency. 

Results and discussion
Influence of contact time 

The influence of contact time on Pb(II) biosorption under various pH values and temperatures, were 
investigated in hourly intervals for a period of 360 minutes (Fig. 2). Rapid biosorption occurred within 
the first 60 minutes, where all samples showed over 70% lead removal efficiency. After the first hour, the 
biosorption rate dropped, however, lead removal efficiency remained at a steady rate. At 360 minutes, 
the maximum lead removal efficiencies for CA, CA-UT, and CA-T beads were recorded at 97.47, 96.67, 
and 97.86%, respectively. CA-T beads showed slightly better lead biosorption compared to CA and CA-
UT. A large portion of lead biosorption is due to the use of alginates. Alginate is a strong binder contains 
carboxyl, amido, hydroxyl, phosphate, and sulfonic groups which can bind to heavy metal ions. The porous 
structure of alginate also plays a significant role in the absorption process (Zhao et al. 2018). Pre-treatment 
of Azolla with metal-chloride activated preparation in this study suggested the surface characteristics of 
the cell wall of Azolla could have been modified and thus influenced the biosorption process (Mashkani 
and Ghazvini 2009). Studies showed that biosorption of heavy metals like Cr(VI) and Pb(II) occurs within 
the first contact hour in the adsorbent, and the trend slows down gradually with prolonged time (Fiol et al. 
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2005, Naga et al. 2017). Similarly, Uysal and Taner (2009) reported the lead concentrations were decreased 
rapidly in 24 h when treated with duckweed in an aqueous solution (Lemna minor). During 24 to 72 h, the 
Pb(II) biosorption by L. minor remained stable and reached the equilibrium after 360 min, this indicating 
that the availability of the biosorbent binding has reached to its saturation (Tseveendorj et al. 2018). The 
biosorption involved in this process indeed a very complex mechanism. The biosorbent e.g. Azolla removed 
lead from aqueous through either the binding of metal ions chemically (ion exchange), or physically (van 
der Waals forces or the electrostatic interaction between the biosorbent matrix and metals) or via reduction, 
chelation, complexation and precipitation (Kanamarlapudi et al. 2018).
 

Fig. 2 Removal efficiency (%) against time (min) for (A and B) CA beads, (C and D) CA-UT beads, and (E and F) CA-T beads at 
room temperature, 25±2 oC (in A; C; E) and 40 oC (in B; D; F). Vertical bars indicate standard deviation of means
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Influence of pH

Numerous studies indicated that heavy metal biosorption is strongly influenced by pH (Salman et al. 
2014). It is well known that pH value is an important parameter for heavy metal biosorption processes, it 
influences metal-biosorbent interaction, the solubility of metal ions, and the charge of functional groups on 
biosorbents (Wei et al. 2016). In this study, pH influential on Pb(II) biosorption was examined at different 
pH values (4.5 – 6.0). The experiment was not performed at pH > 6.0, as high pH causes high precipitation 
of lead in the solution (Kariuki et al. 2017). Our present results showed that maximum lead biosorption for 
CA beads was reached to 97.47% (pH 5.5) followed by CA-UT at 96.67% (pH 4.5), and CA-T at 97.86% 
(pH 5.0), respectively.  

Figure 2 showed a minor difference in lead removal efficiency between CA-UT and CA at pH 4.5 – 5.5 
at room temperature. Likewise, lead removal efficiency also observed in minor changes in the treatment 
of CA-UT and CA-T both treated at 40oC under pH in the range of 4.5 – 5.0. In terms of temperature, the 
lead removal efficiency is consistent among the pH with an exceptional case in pH 6.0, whereby noticeable 
inconsistency was observed in the groups of CA and CA-T. Despite this, the removal efficiency rate dropped 
slightly at pH of 5.5 in CA-UT and CA-T. The treatment groups still exhibited high removal efficiency, i.e. 
94.73% for CA-UT and 97.55% for CA-T, respectively at 360 minutes. Above pH 5.5, Pb(II) removal 
efficiency dropped drastically (i.e. 80.41 – 95.8%), regardless of bead type and temperature. The decrease 
in removal efficiency under pH 6.0 may be attributed to the increases of PbO2

2- (Plumbate) anions and 
decreased of Pb2+ cations in the aqueous solutions. This is in agreement with Uysal and Taner (2009), the 
authors claimed that highest accumulated lead concentration at 3.599 mg Pb g−1 was found in L. minor at 
pH 4.5, and the lead accumulation dropped as the pH increased to pH 6.0 and above.  

Some studies demonstrated that pH 4.5 (Sanyahumbi et al. 1998) and 5.0 (Taghi et al. 2005) are the 
optimal pHs in lead biosorption using Azolla sp. as a biosorbent. While using calcium alginate as a sole 
biosorbent has optimal biosorption at slightly higher pH compared to Azolla i.e. pH 5.0 (Hlaing et al. 2011) 
and 6.0 (Naga Babu et al. 2017). The present study showed that Azolla-biosorbent can effectively remove 
lead from the aqueous at pH 4.5 – 5.5. 

In common cases, heavy metal absorption is correlated with pH value. This mainly due to the increasing 
concentration of protons (H+). Ions hydrogen (H+) are tended to bind on the biosorbent’s surface as compared 
to Pb2+ (Rahman and Sathasivam 2015). In an acidic addition, low pH promotes protonation of sequestering 
groups on the biosorbent’s surface by altering its charges. This resulting in a repulsive force between the 
adsorbent surface and Pb2+ (Mahmood et al. 2017). At low pH values, dissociation of the three-dimension 
structure of metal base exchanges, e.g. pectin hydrolyzed into its monomers, and thus resulting a low heavy 
metal biosorption (Khosravi et al. 2005). Nevertheless, low pH did not deteriorate the efficiency of heavy 
metal biosorption in the present study. 

Influence of temperature

Table 1 shows the removal efficiency differences of each sample at 25±2 and 40oC. The differences in 
lead removal efficiency were calculated based on the subtraction of lead removal efficiency in treatment 
at 25±2 oC and the treatments at 40 oC. Positive values indicated heavy metal removal efficiency is greater, 
and vice versa. The magnitude of the value indicated the significance of temperature influences during 
the biosorption process. Generally, little effect of temperature was noticed on the lead removal between 
pH 4.5–5.5. However, biosorption performed at pH 6.0 showed consistent negative values regardless of 
bead types. The difference in biosorption efficiency (pH 6.0) at 40oC is slightly higher compared to 25±2 
oC. Nonetheless, biosorption efficiency at pH 6.0 still lower compared to those treatments at pH 4.5 – 5.5 
at both temperatures. This implies temperature has little effect on the biosorption. The finding is also in 
agreement with Sanyahumbi et al. (1998) and Antunes et al. (2001), the authors suggested that temperature 
(e.g.10-50 oC) had negligible effects on the gold(III) removal when A. filiculoides was used as biosorbent in 
their study. However, pH is the only factor that influenced gold(III) removal. 

Likewise, several studies have suggested temperature has an insignificant effect on biosorption 
efficiency. For instance, pearl oyster mushroom, Pleurotus ostreatus displayed an insignificant change of 
biosorption behaviour at the temperature ranging from 20 – 45 oC. This presumably attributes to minor or 
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no changes on the biosorbent surface structure, and the chemistry of the groups involved in sequestering 
Pb(II) (Javaid et al. 2011). In contrast, a study suggested alginate-melamine hybrid sorbent (Li et al. 2018), 
and alginate-SBA-15 (nanoporous silica SBA-15) composite (Cheraghali et al. 2013) have higher lead 
biosorption ability with increasing temperature. This effect could be activated by a non-living biomass 
under regular temperatures. Increasing temperature could increase the rate of heavy metal diffusion within 
the internal pores of adsorbent particles. This largely owing to the lower viscosity of the solution, and the 
increasing desolvation of lead ions (Boudrahem et al. 2011; Srinivasa et al. 2013). 

Biosorption kinetics

Nonlinear lines in the pseudo-first-order model graphs (Fig. 3) showed a coefficient of determination (R2) 
values ranging of 0.4619 – 0.9912. On the other hand, linear lines in the pseudo-second-order model graphs 
(Fig. 4) showed R2 values ranging of 0.9936 – 1.000. The pseudo-second-order kinetic model was selected 
to describe the biosorption kinetics, based on the R2, which is closer to the unity (Boudrahem et al. 2011). 
This kinetic model indicates that biosorption process of Pb(II) was complex in CA, CA-UT, and CA-T 
beads, as more than one mechanism is involved. This model also signifies the surface biosorption involves 
chemisorption, which is a rate-limiting process due to physicochemical interactions between biosorbent 
and lead solution (Wang et al. 2007). 

The k2 (rate constant), qe (theoretical biosorption capacity at equilibrium), and h (initial biosorption rate) 
for each pH value, type of bead, and temperature were demonstrated in Table 2. It is important to note that 
the calculated qe in all experiments is approximately 2 mg g-1, in which metal uptake at equilibrium is 2 mg 
of Pb(II) per gram of biosorbent, regardless of temperature, pH, and type of biosorbents. Experimental qe 
was not examined here, due to longer experimental period is required to achieve its biosorption equilibrium 
time. It is also noted that initial biosorption rate (h), and rate constant (k2) were highest at pH 4.5 and 5.0 
in all treatment groups, this indicates biosorption capability of all beads (regardless of its type) was higher 
at pH 4.5 – 5.0 compared to pH 5.5 and 6.0. As mentioned early, pH is of particularly important in the 
determination of biosorption efficiency.

Table 1 The Pb(II) removal efficiency differences between 25 ± 2  oC and 40  oC at different pH

Adsorbent Time (Min) 
Lead removal efficiency (%) differences 

pH 4.5 pH 5.0 pH 5.5 pH 6.0 

CA beads 

60 0 -0.980 -1.627 -1.118 

120 -0.137 1.765 -0.765 -12.431 

180 0.235 1.961 3.039 -7.725 

240 0.157 1.627 -0.118 -1.843 

300 0.098 1.686 -0.353 0.196 

360 0.098 1.078 -0.196 0.529 

CA-UT beads 

60 1.549 -0.647 1.353 -1.216 

120 -0.294 1.961 4.216 -6.725 

180 1.510 3.196 6.314 -7.137 

240 1.922 3.039 2.471 -5.020 

300 1.216 2.686 0.529 -2.039 

360 1.157 2.000 0.941 -0.961 

CA-T beads 

60 1.588 -1.765 3.922 -3.176 

120 0.333 0.255 3.373 -13.471 

180 0.490 1.294 4.451 -11.314 

240 0.333 1.765 2.882 -12.745 

300 0 1.961 -0.333 -10.529 

360 0.059 0.745 -0.392 -7.941 
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Fig. 3 Plot of pseudo-first-order linear equations for (A) CA beads, (B) CA-UT beads (C) CA-T beads for pH 4.5 – 
6.0 at 25±2 oC (labelled as RT) and 40 oC (labelled as 40)

 

 

 

 

 

  (A) 

 

 

 

 

 

 

 

 

   (B) 

 

 

 

 

 

  (C)  

 

 

 

 

 

 

 

                                                          

 

 

 

 

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
0 50 100 150 200 250 300 350

lo
g 

(q
e-

qt
) 

Time (Minutes)

pH 4.5 (RT)
pH 5.0 (RT)
pH 5.5 (RT)
pH 6.0 (RT)
pH 4.5 (40)
pH 5.0 (40)
pH 5.5 (40)
pH 6.0 (40)

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
0 50 100 150 200 250 300 350

lo
g 

(q
e-

qt
) 

Time (Minutes)
pH 4.5 (RT)

pH 5.0 (RT)

pH 5.5 (RT)

pH 6.0 (RT)

pH 4.5 (40)

pH 5.0 (40)

pH 5.5 (40)

pH 6.0 (40)

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
0 50 100 150 200 250 300 350

lo
g 

(q
e-

qt
) 

Time (Minutes)
pH 4.5 (RT)

pH 5.0 (RT)

pH 5.5 (RT)

pH 6.0 (RT)

pH 4.5 (40)

pH 5.0 (40)

pH 5.5 (40)

pH 6.0 (40)

Fig. 4 Plot of pseudo-second-order linear equations for (A) CA beads, (B) CA-UT beads (C) CA-T beads for each pH at 25±2 oC 
(labelled as RT) and 40 oC (labelled as 40)
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Intraparticle diffusion

In the intraparticle diffusion model, the diffusion-limited mechanism of Pb(II) biosorption was clearly 
observed in CA, CA-UT and CA-T, whereby qt against t 1/2 values yield a straight line passes through the 
origin, this shows that biosorption process is controlled by intraparticle diffusion alone (Fig. 5). Nonetheless, 
if qt against t 1/2 values generates multi-linear plot, it means several factors are influencing the biosorption 
process (Abdel-Ghani et al. 2015). In the present study, data indicated that the relationship between qt and 
t1/2 for all treatments was not directly proportionate to each other, as no single linear line was observed 
among the beads. This implies that several processes were affecting the biosorption process concurrently. 
This is also an evident to explain the biosorption process that was segregated into three stages in the present 
study. The deviation between the three stages may be due to the differences in the mass transfer rate in 
the initial, and final stages of biosorption (Tan and Hameed 2010). Based on the graph, three phases were 
observed, firstly, the initial sharp incline, which was the external surface, or boundary layer diffusion. The 
second incline is less steep, the intraparticle diffusion within the pores (a rate-limiting process). The third 
phase was attributed to the equilibrium state, at this point, intra-diffusion begins to occur at a lower rate due 
to low Pb(II) concentration in the solution. 

In general, the present results showed three distinct phases; an initiative curve portion and followed 
by a linear portion and then a plateau in the graphs. The intraparticle diffusion constant, kp1, kp2, and 
kp3 calculated from different group of beads (Table 3) showed that highest values were observed in kp1, 
followed by kp2, and lastly, kp3. The intraparticle diffusion rate decreased along with time, however, the 
process was remained stable at the later stages. 

Table 2 Pseudo-second-order kinetic parameters for the removal of Pb(II) by CA, CA-UT and CA-T beads in various pH and tem-
peratures 

Adsorbent Temperature pH R² qe Calculated 
(mg g-1) 

K2  
(g mg-1 min) 

h 
(mg g-1 min) 

CA Beads 

25±2 oC 

4.5 1.000 1.959 0.273 1.048 
5.0 1.000 1.960 0.163 0.628 
5.5 1.000 1.976 0.098 0.381 
6.0 0.994 2.087 0.014 0.062 

40 oC 

4.5 1.000 1.956 0.289 1.106 
5.0 0.999 1.930 0.178 0.663 
5.5 0.999 1.980 0.085 0.333 
6.0 0.999 1.992 0.032 0.128 

CA-UT Beads 

25±2 oC 

4.5 1.000 1.953 0.122 0.467 
5.0 1.000 1.946 0.128 0.485 
5.5 0.999 1.941 0.053 0.201 
6.0 0.996 1.671 0.030 0.084 

40 oC 

4.5 0.999 1.924 0.137 0.506 
5.0 0.999 1.891 0.159 0.568 
5.5 0.997 1.949 0.032 0.120 
6.0 1.000 1.671 0.061 0.171 

CA-T Beads 

25±2 oC 

4.5 1.000 1.962 0.324 1.249 
5.0 1.000 1.978 0.141 0.550 
5.5 1.000 1.967 0.129 0.501 
6.0 0.993 1.795 0.023 0.075 

40 oC 

4.5 1.000 1.967 0.188 0.728 
5.0 0.999 1.941 0.244 0.918 
5.5 0.999 2.005 0.043 0.172 
6.0 0.999 1.977 0.028 0.108 

 
R2 = coefficient of determination; qe = quantity of Pb(II) adsorbed per unit weight of beads at equilibrium; k2 = rate constant of pseu-
do-second-order; h = initial biosorption rate
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Biosorbent’s functional group characterization

In the FTIR spectra analysis, the samples exhibited an absorption peak at around 3250 – 3290 cm-1, which is 
an evidence of O-H stretching (Fig. 6) The transmittance increased in the sequence of < CA < CA-UT and 
CA-T. This also indicates the encapsulation of Azolla with calcium alginates enforced the transmittance of 
O-H bonds. Samples also exhibited a weak absorption peak at around 2160 cm-1, this attributable to C≡C 
stretching from the alkyne groups, whereby the transmittance of Azolla alone was higher than the alginate 
beads. Carboxylic groups stretching was split into asymmetric and symmetric C=O vibration. This can 
be observed in the regions of 1592 – 1614 cm-1 and 1416 – 1420 cm-1 respectively. The biosorption peaks 
at 1315 – 1360 cm-1 were associated with the asymmetrical C=O stretching in the carboxylic groups, and 
aromatic C-O bonds. 

FTIR spectra analysis is a powerful tool used to study biological molecules and characterize the 
functional groups on the adsorbent surface, it helps to explain the biosorption mechanism of the biosorbents 
(Aryal 2020). The increased biosorption uptake capacity exhibited by CA-T beads could be due to the 
high concentration of asymmetric and symmetric C=O vibrations observed in Figure 6. The increased 
concentration could be resulted by the chloride salts treatment applied to the Azolla. Preliminary Akali 
wash with pH 10.5 NaOH solution on Azolla removed protein groups that form a non-absorbable complex 
towards Pb2+ from the biosorbent’ surface (Göksungur et al. 2003). Also, treatment with chloride solution 
mixture may increase the metal biosorption uptake, as the cations e.g. Mg2+, Ca2+, and Na +, exchange with 
H+ ions from (-COO)2Mg, (-COO)2Ca or (-COO)Na and the carboxyl group. These compounds act as the 
base for heavy metal ion exchange, and they are primary molecules involved in the heavy metal biosorption.

In conclusion, higher lead removal efficiency was noticed in CA-T beads, with an exception at pH 6.0. 
While CA-UT displayed the lowest performance in all tested parameters. The Pb(II) biosorption efficiency 
was increased from CA-UT < CA < CA-T. The present data showed that pre-treatment of Azolla with metal-
chloride solutions slightly increased the lead biosorption efficiency, with an optimal level at pH ranging 4.5 
- 5.0, regardless of temperatures. Kinetic models and FTIR analysis suggested that biosorption is a complex 
chemisorption process with multiple rate-limiting factors. The present data shows that immobilization 

Table 3 Intraparticle diffusion constant, kp1, kp2 and kp3 for the removal of Pb(II) by CA, CA-UT and CA-T beads in various pH and 
temperatures 

Adsorbent Temperature pH kp1 kp2 kp3 

CA Beads 
 

25±2oC 

4.5 0.244 0.007 0.001 
5.0 0.238 0.012 0.002 
5.5 0.235 0.016 0.002 
6.0 0.199 0.039 0.010 

40 oC 

4.5 0.244 0.006 0.002 
5.0 0.241 0.006 0.005 
5.5 0.239 0.009 0.002 
6.0 0.202 0.049 0.005 

CA-UT Beads 

25±2oC 

4.5 0.238 0.010 0.004 
5.0 0.235 0.012 0.003 
5.5 0.220 0.020 0.009 
6.0 0.182 0.012 0.030 

40 oC 

4.5 0.234 0.008 0.008 
5.0 0.237 0.002 0.008 
5.5 0.216 0.015 0.014 
6.0 0.185 0.023 0.006 

CA-T Beads 

25±2oC 

4.5 0.245 0.014 0.001 
5.0 0.240 0.018 0.002 
5.5 0.235 0.028 0.002 
6.0 0.193 0.018 0.005 

40 oC 

4.5 0.240 0.022 0.003 
5.0 0.245 0.006 0.004 
5.5 0.225 0.031 0.021 
6.0 0.201 0.031 0.019 

 kp1 = intraparticle diffusion constant for the first slope; kp2 = intraparticle diffusion constant for the second slope; kp3 = intraparticle 
diffusion constant for the last slope
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Azolla with alginate could enhance overall lead removal efficiency, and it could be a potential packing 
biomaterial in wastewater filter for heavy metal rehabilitation.

Fig. 5 Intraparticle diffusion model for Pb(II) biosorption by (A), CA beads (B) CA-UT beads and (C) CA-T beads at 25±2 oC 
(labelled as RT) and 40 oC (labelled as 40)

 

Fig. 6 FTIR spectra analysis of Azolla, CA, CA-UT and CA-T on the surface’s functional groups
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Future Recommendations

Future research should be emphasized on parameters e.g. biosorbent dosage, types of heavy metals, 
biosorbent surface’s morphology (porosity of structure), and the reusability potential of the beads. More 
study needs to be carried out to elucidate the potential of alginate-immobilized Azolla at industrial scale.
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