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Abstract
In this study, a biopolymer-based adsorptive membrane was designed for simultaneous removal of differently charged heavy 
metals from water. Polylactic acid (PLA)/hydroxyapatite (HAp) adsorptive membranes with various content of HAp were 
fabricated using the non-solvent induced phase separation method. The effect of incorporating different weight content of 
HAp ranging from 0 to 3.0 wt% was studied on the structural morphology, hydrophilicity, porosity, mechanical properties, 
pure water permeability, and lead (Pb) and arsenic (As) adsorption capacity of the fabricated membranes. The results revealed 
that adsorptive membrane with 2.5 wt% HAp exhibited high porosity and hydrophilicity, acceptable mechanical strength, 
and ultrahigh pure water flux (1100 L m−2 h−1). This membrane showed proper removal efficiency in batch adsorption, 97% 
for Pb and 82% for As solutions (100 ppb), which are comparable to most of the readily available adsorbents. Dynamic 
adsorption results divulged that the adsorptive membrane with 2.5 wt% HAp content provided a promising filtrate of Pb 
and As solutions with a concentration below 10 ppb for even four and five consequent regeneration cycles. Additionally, the 
adsorptive performance of the optimum HAp content membrane was better than batch adsorption, especially in Pb removal.
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Abbreviations
TMP	� Transmembrane pressure
PWF	� Pure water flux
HAp	� Hydroxyapatite
PLA	� Polylactic acid
As	� Arsenic
Pb	� Lead
Zn	� Zinc
Cu	� Copper
Cd	� Cadmium
Co	� Cobalt
Ni	� Nickel
Cr	� Chromium
Se	� Selenium
FE-SEM	� Field emission scanning electron microscope

AFM	� Atomic force microscopy
FTIR	� Fourier transform infrared spectroscopy
EDX	� Energy-dispersive X-ray spectroscopy
DI	� Deionized
CA	� Contact angle
NMP	� N-Methyl-2-pyrrolidone
WHO	� World Health Organization
ppb	� One part per billion
ppm	� One part per million

Introduction

Over the last decade, a shortage of safe drinking water is 
becoming a serious concern worldwide for public health 
that causes much attention to be paid to various drinking 
water treatment measures. Among the various pollutants 
in water, heavy metals are non-biodegradable and highly 
toxic even at low concentrations (Chon et al. 2010; Fu and 
Wang 2011). Industrial wastewater comprises varieties of 
heavy metals with positive or negative net charges in natu-
rally available forms. Arsenic (As) and lead (Pb) are well-
known toxic heavy metals that are discharged from vari-
ous industrial processes to wastewater (Naseem and Tahir 
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2001). In wastewater, lead exists as a cationic form (Pb2+), 
whereas arsenic under oxidizing and aerated conditions 
found in its oxyanionic forms, such as H2AsO4

−, HAsO4
2− or 

AsO4
3− (Dixit and Hering 2003). World Health Organiza-

tion (WHO) guidelines presented that levels of As and Pb in 
drinking water shall not exceed 10 ppb.

Diverse methods such as precipitation/coagulation 
(Manica et al. 2020), photocatalysis (Damodar et al. 2009; 
Kıranşan et  al. 2015), adsorption (Gopalakannan et  al. 
2018), and membrane filtration (Uddin et al. 2007; Sogaard 
2014; Lee et al. 2016) are used for the heavy metal removal 
from drinking water. Among them, adsorptive polymer 
membranes which utilize inorganic additives as adsorbent 
have got much attention and extended in developing coun-
tries (Chatterjee and De 2015). Adsorptive membranes do 
not require high transmembrane pressure (TMP) that makes 
them more efficient option in comparison with nanofiltration 
and reverse osmosis (Abdullah et al. 2016). Heavy metal 
ions from wastewater can be adsorbed by charged inorganic 
materials incorporated in the membrane through electro-
static interaction. However, most of the adsorbents are not 
able to adsorb the positively and negatively charged heavy 
metal ions simultaneously. Feasible approaches to enhance 
the simultaneous adsorption of cationic and anionic heavy 
metals are to functionalize the raw adsorbents or synthesis 
of nanocomposites. Nonetheless, the main drawback of the 
former method is the need for using highly pure organic 
reagents, which are considerably expensive and toxic.

This technology faces challenges since the toxicity of 
the nanoparticles in adsorptive membranes will bring seri-
ous pollution after recycling these membranes for multiple 
adsorption–desorption cycles. In this perspective, it is criti-
cally important to incorporate environmentally friendly nan-
oparticles such as natural bio-based materials with adsorp-
tive sites for cationic and anionic pollutants. Hydroxyapatite 
[Ca10(PO4)6(OH)2], a naturally available form of calcium 
phosphate, is a well-known member of these materials with 
high biocompatibility and essentially no toxicity (Louihi 
et al. 2020). Specifically, it has a hexagonal structure and 
calcium to phosphate ratio of 1.78, which is very similar to 
bone apatite (Jiang et al. 2013; Anwar and Arthanareeswaran 
2019). HAp has been used for environmental applications 
such as efficient and selective removal of heavy metals, dyes, 
and other emerging pollutants from aqueous solutions due 
to its high surface reactivity, charge density, and also ion 
exchange capability (Tomar et al. 2015; Yang et al. 2015; 
de Resende et al. 2019). Furthermore, HAp has also been 
highlighted as a cost-effective and eco-friendly adsorbent. 
Containing both acid and basic sites in its structure, it can 

be concluded that HAp has a considerable potential for 
the removal of cationic and anionic pollutants from water 
(Hubadillah et al. 2020). In recent years, incorporation of 
natural and modified HAp either individually or as a com-
posite with other materials has been widely reported as 
adsorbents for various ions including Zn (Song et al. 2008; 
Viipsi et al. 2013; Foroughi et al. 2015), Cu (Thanh et al. 
2018; Deng et al. 2020; Pooladi and Bazargan-Lari 2020), 
Cd (Corami et al. 2008; Viipsi et al. 2013), Co (Sheha et al. 
2016), Ni (Thanh et al. 2018), Cr (Hokkanen et al. 2016; 
Al-Wafi et al. 2020; Campisi et al. 2021), Pb (Saoiabi et al. 
2013; RoyChoudhury et al. 2019; Anutrasakda et al. 2020; 
Fang et al. 2020; Jiang et al. 2020), and As (Czerniczyniec 
et al. 2007). Graphene oxide/magnetite/HAp/cellulose ace-
tate nanofibrous membranes were reported to successfully 
eliminate Cr(VI) and Se(IV) at pH = 8 and remove 97.3% 
of Cr(VI) and 89.3% of Se(IV) at pH = 4 from water (Al-
Wafi et al. 2020). Successful adsorption of Cu was carried 
out in batch mode, and the maximum adsorption capacity 
was 67.8 mg/g using elecrospun nano-HAp/gelatin/zein 
nanofibrous membranes (Deng et al. 2020). HAp clay-alu-
mina ceramic ultrafiltration membrane was investigated by 
Roychoudhury et al. for Pb removal in dynamic adsorption 
mode. The obtained results showed maximum 99.6% Pb 
rejection of 5 mg L−1 under pressure of 1 bar (RoyChoud-
hury et al. 2019).

The other key parameter controlling the performance 
of the adsorptive membrane is the polymer matrix, which 
should have large water flux even at low pressure. Polylactic 
acid (PLA) is synthetic linear aliphatic thermoplastic poly-
ester derived from naturally occurring organic acid (lactic 
acid) (Iniguez-Franco et al. 2016). The biocompatibility 
of PLA with the human body has led to broad and diverse 
applications such as tissue engineering and drug delivery 
(Pandele et al. 2017; Chuan et al. 2020; Fu et al. 2021). Due 
to its hydrophilic and non-toxic properties, PLA has recently 
gained attention as a promising polymer for ultrafiltration 
membranes (Moriya et al. 2012). Thus, PLA was chosen 
in the current study as the matrix of the biopolymer-based 
adsorptive membrane. The fabrication of PLA/HAp adsorp-
tive membranes and their performance toward simultaneous 
cationic and anionic heavy metal ions removal has not yet 
been investigated.

In this work, a novel hybrid composite membrane based 
on PLA biopolymer and naturally derived HAp was devel-
oped as an adsorptive membrane for simultaneous removal 
of cationic and anionic heavy metals. The effect of HAp 
content on morphology, surface hydrophilicity, porosity, and 
mechanical performance of the membranes was studied. The 
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optimum conditioned membrane was employed for water 
treatment by simultaneous removal of Pb and As in both 
batch and dynamic adsorption modes. The isotherms and 
kinetic parameters were established by two-parameter mod-
els, Langmuir and Freundlich, to analyze the adsorption 
mechanism.

Neat and adsorptive membranes were fabricated and char-
acterized at Department of Chemical Engineering of Univer-
sity of Bonab. Identification of heavy metals concentrations 
was performed at water and wastewater companyʼs labora-
tory of East Azarbaijan. All experiments were performed 
between 2019 and 2021.

Materials and methods

Materials

PLA as the biopolymer matrix with a molecular weight of 
60,000 g/mol was supplied by Warrington, PA_America. 
Hydroxyapatite nanopowders, < 200 nm particle size, were 
purchased from Sigma-Aldrich. N-Methyl-2-pyrrolidone 
(NMP) as the solvent was obtained from Merck, Germany. 
As and Pb stock solutions with concentration of 1000 ppm 
were prepared by dissolving appropriate amounts of sodium 
hydrogen arsenate and lead chloride in deionized water, 
respectively. Adjustment of pH was accomplished using 
0.1 M NaOH or 0.1 M HCl. All of these chemicals were of 
analytical grade and supplied by Sigma-Aldrich, Germany.

Preparation of adsorptive membranes

All membranes were fabricated by using non-solvent 
induced phase separation method. Firstly, a distinct amount 
of PLA polymer was dried at 60 °C for 1 h and dissolved at 
NMP under stirring at 80 rpm for 2 h. HAp nanoparticles 
in various weight percentages, 0.5, 1.0, 2.0, 2.5, and 3.0 
wt%, were weighed and dispersed into 5 g of NMP using 
ultrasonicate. Subsequently, the suspension was added to 
PLA solution in NMP and stirred at 40 rpm and 60 °C until 
a homogeneous solution was obtained (8 h). Afterward, the 
homogeneous solution was ultrasonicated for 15 min and 
then allowed to degas for 6 h. A portion of the solution was 
cast onto a sheet using a custom-made film applicator with 
a thickness of 150 μm. Immediately after casting, the film 
was immersed in DI water bath to initiate phase inversion 
and retained for 24 h. Finally, membranes were dried at 
room temperature for another 24 h. Table 1 summarizes the 

details of the solution dope compositions for the prepared 
membranes.

Membrane characterization

Fourier transform infrared spectroscopy

The chemical structure of the adsorptive membrane sam-
ples was studied using the Shimadzu (IRAfnity-1S) Fourier 
transform infrared spectrometer (FTIR) within a range of 
400–4000 cm−1. The membrane samples were held in place 
by a clamp and placed active-face down on ATR crystal.

Porosity, water content, and contact angle measurement

Porosity and water content of the membranes were deter-
mined by gravimetric method, using Eqs. (1) and (2):

where ε denotes the membrane porosity, wd and ww are the 
weight of membrane in its dry and wet states, respectively; 
ρw is the density of water and ρp is the density of PLA. For 
each membrane, three samples were taken for porosity meas-
urement and the average value was reported.

The hydrophilicity of the membranes was measured by 
a static surface contact angle goniometer (Jikan Company, 
Iran) at room temperature. The contact angle of each sample 
was measured at least five times at different places of the 
membrane and the mean value was reported.

(1)� (%) =

(

ww − wd

)

∕�w
(

ww − wd

)

∕�w +
(

wd∕�p
) × 100

(2)Water content (%) =
Ww −Wd

Wd

× 100

Table 1   Composition of casting solution for neat and adsorptive PLA 
membranes

Membrane 15 wt% 85 wt%

HAp (wt%) PLA (wt%) NMP (wt%)

PLA 0.0 100 85
PLA/HAp-0.5 0.5 99.5 85
PLA/HAp-1.0 1.0 99.0 85
PLA/HAp-2.0 2.0 98.0 85
PLA/HAp-2.5 2.5 97.5 85
PLA/HAp-3.0 3.0 97.0 85
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Pure water flux and mechanical strength of the fabricated 
membranes

The pure water flux (PWF) was determined using a labora-
tory-scale submerged flat sheet filtration system with 15 cm2 
of membrane area (Etemadi and Qazvini 2020). The module 
was connected to a vacuum pump (0.8 bar), and water was 
filtered through the membrane and after reaching a steady-
state, PWF is calculated using Eq. (3):

where V denotes the collected volume of water in L, A is 
the membrane area in m2, and t is the processing time in h.

Mechanical properties of the membranes were measured 
using a tensile testing machine (STM-5, Iran). The mem-
brane samples were cut into 50 mm in length and 10 mm 
in width and examined at an extension rate of 10 mm/min. 
The test was performed in triplicate, and the average of the 
results was calculated and reported.

Morphological studies

The surface and cross-sectional morphologies of the pre-
pared membranes were studied by a field emission scan-
ning electron microscopy (FE-SEM) (MIRA3 FEG-SEM, 
Tescan) equipped with an energy-dispersive X-ray (EDX) 
detector. Samples for cross-sectional evaluation were pre-
pared by fracturing the flat sheets in liquid nitrogen. To ana-
lyze the surface roughness, atomic force microscope (AFM) 
(Nanosurf® Mobile S scanning probe-optical microscope, 
Switzerland) was used. Imaging was performed on a scan 
size of 5 μm × 5 μm tapping mode.

Adsorption and regeneration study

Static adsorption study of the fabricated membranes

The static adsorption of the PLA/HAp adsorptive mem-
branes was tested by batch experiments where 0.2 g of the 
membranes with 15cm2 area was immersed into a 200 mL of 
the synthetic water containing both Pb and As with concen-
tration of 10, 5, 2, and 1 ppm. For kinetics analysis, the con-
centration of heavy metal solution was adjusted to 100 ppb 
for better comparison between batch and dynamic adsorp-
tion. The solutions were stirred for 48 h at 25 °C, and the 
heavy metal’s concentrations in the solutions were quantified 
by atomic absorption spectrophotometer (Varian 220-Graph-
ite Furnace). The desired pH of the solution was adjusted at 

(3)PWF =
V

A ⋅ t

7.0 by 0.1 M HCl or 0.1 M NaOH solutions. The adsorption 
capacity and removal efficiency of the membranes for each 
cation and anion are calculated according to Eqs. (4)–(6):

where Ct is the concentration of heavy metal ions at time t, 
Co and Ce are the initial and equilibrium concentrations of 
the ions in the solution, respectively; V is the total volume 
of the solution, and Mm is the mass of dry membrane used 
in the adsorption study. qe and qt are the adsorption capacity 
at equilibrium and time t, respectively.

Dynamic adsorption study of the fabricated membranes

The dynamic adsorption performances of the fabricated 
membranes were evaluated by submerged filtration sys-
tem with 200 mL of Pb and As heavy metal solution under 
different TMPs including 0.4, 0.6, and 0.8 bar. At certain 
intervals, the samples were withdrawn from the filtration 
system and the concentrations of heavy metals were deter-
mined. The membranes were regenerated by filtering 50 mL 
HCl and NaOH solutions (0.1 M) through the membrane, 
respectively. After regeneration, the second cycle of experi-
ments for 200 mL solution was initiated and this trend was 
repeated for five cycles. The concentrations of heavy metals 
were determined according the procedure for the first cycle.

Results and discussion

Fourier transform infrared spectroscopy analysis

The FTIR spectra of the HAp powder, neat PLA membrane, 
and PLA/Hap-2.5 membrane as a representative of all other 
PLA/HAp adsorptive membranes are shown in Fig. 1. The 
scans depicted a slight difference between the spectra of the 
neat PLA membrane and the PLA/HAp adsorptive mem-
brane. In the neat PLA membrane, the peak at 1753 cm−1 is 
assigned to the C=O stretching vibration where the presence 
of peaks at 2953, 2991 cm−1, and 1082 cm−1 is corresponded 
to the C–H and C–O stretching, respectively (Rahman 

(4)qt =
(C0 − Ct)V

Mm

(5)qe =
(C0 − Ce)V

Mm

(6)Removal efficiency (%) =
(C0 − Ct)

C0

× 100
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et al. 2018). In spectra of PLA/HAp-2.5, the peak of the 
OH− stretching bands of HAp at about 3572 cm−1 has been 
slightly shifted to lower wave number around 3500 cm−1.

Also, the C–H band for the PLA/HAp-2.5 membrane 
showed a slight shift to lower wave numbers due to the 
occurrence of the P–O peak of PO4

3− groups of the HAp in 
the same region of the spectra. It is noticeable that there is 
no distinct peak for P–O band in the adsorptive membrane 

because of the very close value of P–O and C–O spectrum 
(Persson et al. 2014).

Hydrophilicity, porosity, and water content 
of the fabricated membranes

Variation in the contact angle, porosity, and water content 
of each membrane with HAp concentration is presented in 
Table 2. The results showed that the contact angle of the 
membranes, as an indication of hydrophilicity, was reduced 
from 85° to 45° by addition of 3.0 wt% HAp nanoparticles 
into PLA matrix. As shown in Table 2, the addition of HAp 
improved the hydrophilicity of PLA/HAp membranes com-
pared with pristine PLA membrane. This suggested that the 
growth in the number of surface OH groups with increasing 
HAp content was the key to the observed rise in hydrophilic-
ity of the PLA-based absorptive membranes.

Porosity results revealed that the porosity of PLA-based 
membrane increased from 58 to 78% with increasing con-
centration of HAp from 0 to 2.5 wt%. It was observed that 

Fig. 1   FTIR spectra of a HAp, 
b neat PLA and c PLA/HAp-2.5 
membranes

Table 2   Contact angle, porosity, and water content of neat and 
adsorptive PLA membranes

Membrane Contact angle 
(°)

Porosity (%) Water 
content 
(%)

PLA 85 58 59
PLA/HAp-1.0 79 62 63
PLA/HAp-2.0 68 69 70
PLA/HAp-2.5 57 78 85
PLA/HAp-3.0 45 53 109

Fig. 2   PWF and mechani-
cal strength of neat and PLA 
adsorptive membranes
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further addition of HAp led to lower porosity rooted from 
membrane pores clogging accompanied with agglomerated 
nanoparticles. Water content test results indicated that water 
uptake of membranes enhanced by increasing the HAp con-
tent of the membranes up to 3.0 wt%. This can be described 
by the mutual effect of HAp on membrane structure by 
increasing the hydrophilicity and pore blockage for PLA/
HAp-3.0 membrane (Daraei et al. 2012).

Permeability and mechanical properties

Figure  2 shows the variation in the permeability and 
mechanical strength of PLA/HAp adsorptive membranes 
with HAp concentration. It can be observed that the pure 
water flux of the membranes increased from 760 to 1100 
L m−2 h−1 by incorporating 2.5 wt% of HAp. This is a direct 
consequence of the increment in the porosity and hydrophi-
licity of the membranes. However, with the higher concen-
tration of HAp (3.0 wt%), membrane porosity has a more 
dominant effect on permeability than surface hydrophilicity.

The variation in membranes’ mechanical strength with 
HAp nanoparticle concentration is similar to the trend of 
porosity up to 2.0 wt% of HAp. To explain these results, 
membrane porosity, inherent stiffness of HAp, the dispersion 
state of HAp, and the interaction between HAp nanoparticles 
and PLA matrix were considered. High intrinsic stiffness of 
HAp and appropriate interaction between HAp and poly-
mer matrix improve the mechanical properties of adsorptive 
membranes. Besides this, though, it is also imperative to bear 
in mind that the presence of higher content of HAp results in 
pore-clogging and nanofiller agglomeration which adversely 
affects mechanical properties. Therefore, incorporation of 
over 2.5 wt% of HAp can lead to a non-uniform dispersion 

of HAp nanoparticles or/and heterogeneous casting solu-
tion which eventually causes the observed sharp reduction 
in mechanical strength in PLA/HAp-3.0 membrane.

Surface roughness of the membranes

3D AFM images of all the membranes illustrated in 
Fig. 3a–d allow the qualitative analysis and quantitative 
determination of mean roughness (Ra). It was observed from 
AFM analysis that membrane roughness of the fabricated 
membranes increases with the incorporation of the higher 
amount of HAp in the membrane matrix. Accumulation of 
HAp nanoparticles on the membrane surface and forma-
tion of polymer nodules during the phase separation could 
attribute to an increase in the membrane roughness. Mean 
roughness of PLA, PLA/HAp-1.0, PLA/HAp-2.0, and PLA/
HAp-2.5 is 50, 65, 82, and 106 nm, respectively. HAp as a 
hydrophilic nanoparticle has the tendency to migrate toward 
the interface of the membrane surface and the water used 
for phase inversion which leads to increment in roughness. 
It is noticeable that the surface roughness of PLA/HAp-2.5 
membrane is much higher than the neat PLA membrane. It 
is well known that the addition of nanoparticles increases the 
viscosity of casting solution causing an interaction between 
polymer matrix and nanoparticles; this slows down the 
phase separation and formation of polymer nodules on the 
membrane surface. Consequently, in PLA/HAp-2.5, both 
above-noted effective factors can simultaneously increase 
the roughness of the membrane.

Fig. 3   AFM images of a neat 
PLA, b PLA/HAp-1.0, c PLA/
HAp-2.0, d PLA/HAp-2.5 
membranes
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Morphological analysis

The PLA/HAp-2.5 membrane was selected as an optimum 
membrane among other membranes according to higher per-
meability and acceptable mechanical properties. Figure 4 

illustrates the surface and cross-sectional FE-SEM images 
of neat PLA and PLA/HAp-2.5 adsorptive membranes. 
Cross-sectional images exhibited asymmetric structure for 
both membranes with a dense top layer, finger-like structure, 
with several macrovoids at the sublayer. With the addition of 

Fig. 4   FE-SEM images and 
elemental mappings (P) of cross 
section (left) and top surface 
(right) of a neat PLA and b 
PLA/HAp-2.5 membranes
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HAp, the finger-like structure extended straightly along the 
cross section of the membrane (Fig. 4a1). Exchange kinetics 
and thermodynamic of phase separation have a significant 
influence on the membranes’ structure. The addition of HAp 
nanoparticles leads to an increase in the thermodynamic 
instability and exchange rate of the solvent and non-solvent. 
This consequently brings about enlargement of the finger-
like structure and a more porous structure of the membrane. 
These theories are firmly supported by the evidence obtained 
from surface FE-SEM images (Fig. 4b1).

The top surface FE-SEM image of the neat PLA mem-
brane (Fig. 4a2) confirmed the presence of several pores 
(< 50 nm) distributed on the surface. With the addition of 
HAp (2.5 wt%), the number and sizes of the surface pores of 
the obtained membrane increased slightly (Fig. 4b2). Gen-
erally, the increase in surface porosity with the addition of 
HAp can be attributed to the increase in the exchange rate 
of the solvent and non-solvent.

The surface and cross-sectional EDX map spectra 
of PLA/HAp-2.5 membrane are shown in Fig. 4c1, c2, 

respectively. The blue spots corresponding to phosphorus 
(P) show the uniform distribution of HAp in the surface 
and cross section of the membrane. It is evidenced from 
the EDX results that there is almost no significant differ-
ence between the dispersive map of P between the surface 
and cross section of the sample, indicative of practically 
uniform dispersion of HAp in the membrane.

Heavy metal adsorption study on PLA/HA 
membrane

Static adsorption

Isotherm analysis  The Pb and As adsorption capacity 
of PLA and PLA/HAp-2.5 adsorptive membrane vs. the 
equilibrium concentrations of the heavy metal solutions 
are plotted in Fig. 5. The adsorption of Pb cations by the 
PLA/HAp-2.5 was ascribed to the coordination effects: (i) 
the phosphate functional group in the HAp could catch Pb 
cations via electrostatic interactions, and (ii) the substitu-
tion of Pb with Ca took place. The Pb adsorption capacity 
of the neat PLA membrane was attributed to the interaction 
between the carbonate group of PLA and Pb cations. How-
ever, the neat PLA membrane showed no adsorption capacity 
for As due to the absence of proper functional groups acting 
as an adsorbent in the membrane matrix. The As adsorption 
capacity of the adsorptive membranes is mainly due to the 
electrostatic interaction of Ca or Pb with oxyanions of As. 
Furthermore, there is a possibility of the replacement of As 
oxyanions with the phosphate group of HAp, however, it is 
negligible according to the literature (Nakahira et al. 2006). 
The adsorption capacity of the adsorptive membrane for Pb 
removal showed a substantial difference from that of As. 
The higher Pb adsorption capacity compared to As can be 
explained by the zeta potential of HAp (6.1) which is favora-Fig. 5   Adsorption isotherms of Pb and As on PLA and PLA/HAp-2.5 

membranes

Fig. 6   Fitting curves for isotherm adsorption of Pb and As on PLA and PLA/HAp-2.5 membranes using a Langmuir and b Freundlich models
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ble for the positively charged adsorption process (Lazarevic 
et al. 2008).

In addition, all the prepared membranes presented 
an increasing trend in Pb and As adsorption capacity by 
increasing heavy metal concentrations in the solution. This 
could be directly related to the higher chance of the adsorp-
tion interaction between ions and functional groups.

The adsorption equilibrium of Pb and As ions onto the 
prepared membranes was theoretically modeled using Lang-
muir and Freundlich equilibrium isotherm models. The lin-
ear forms of both models are presented in Eqs. (7) and (8):

(7)
1

q
=

1

KLCeqmax

+
1

qmax

(8)log q = logKF +
1

n
logCe

where q is the equilibrium adsorbed amount of metal ion, 
qmax is the maximum adsorption capacity (mg/g), KL is the 
Langmuir adsorption capacity (L/mg), Ce is the heavy met-
als equilibrium concentration in solution (mg/L). KF is the 
Freundlich constant, and n is the heterogeneity factor.

Figure 6 depicts linear plots of Langmuir and Freundlich 
isotherms for the adsorption of heavy metal ions on the PLA/
HAp adsorptive membrane. In Fig. 6a, the Freundlich iso-
therm fits the Pb adsorption data well with high correlation 
coefficients. The Pb adsorption behavior may result from 
the adsorption mechanism on the heterogeneous surface of 
the adsorptive membrane which originates from functional 
groups of both HAp and PLA. In contrast, the experimental 
data for As correlate better with the Langmuir model with 
homogeneous adsorption sites (Fig. 6b).

Kinetics analysis  The effect of the contact time on the 
removal efficiency of heavy metals and their residual 

Fig. 7   Effect of contact time 
on the removal efficiency and 
residual concentration of Pb and 
As on PLA and PLA/HAp-2.5 
membranes

Fig. 8   Fitting curves for adsorption kinetics of Pb and As on PLA and PLA/HAp-2.5 membranes a pseudo-first-order and b pseudo-second-
order models
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concentrations in the 100  ppb aqueous solution for PLA/
HAp-2.5 adsorptive membrane is presented in Fig.  7. It 
demonstrated that the removal efficiency of heavy metals 
significantly increased as the contact time increases. Inter-
estingly, the adsorption rate of both ions was rapid at the 
initial stage and gradually slowed down afterward for both 
heavy metal ions. 97% Pb removal efficiency was achieved 
within the first 30 min, whereas the adsorption rate of As is 
lower than Pb and the maximum removal efficiency (82%) 
was gained after 5 h.

To investigate the adsorption rates of Pb and As ions, 
kinetic modeling of the adsorption was accomplished by 
the pseudo-first-order and pseudo-second-order models as 
follows:

where qe and qt are the adsorption capacity of heavy met-
als at equilibrium and time t, and k1 and k2 are the first- 
and second-order rate constants, respectively. The plots of 
Ln(qe − qt) and t/q versus t for the first- and second-order 
models are given in Fig. 8. Based on the correlation (R2) 
given on the visual assessment of the plots in Fig. 8, it can 
be concluded that the pseudo-second-order kinetic model 
can provide appropriate fitness to Pb adsorption, whereas 
the opposite applies for As. It means that the adsorption 
process involved chemisorption between Pb metal ion and 
HAp, while the physical adsorption is predominant for As 
adsorption.

(9)Ln
(

qe − qt
)

= Lnqe − k1t

(10)
t
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=

1

k2q
2
e
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Dynamic adsorption and effects of regeneration cycles

As discussed earlier, since PLA/HAp-2.5 membrane was the 
best-performed one, it was selected for the dynamic adsorp-
tion investigations of Pb and As heavy metal ions. The PWF 
and removal efficiency of Pb and As heavy metal ions as a 
function of TMP, 0.4, 0.6, and 0.8 bar are depicted in Fig. 9a. 
As shown, the permeate flux increased remarkably by apply-
ing a higher amount of TMP, and the removal efficiency of 
both heavy metals showed a downward trend by increasing 
the TMP. Accordingly, the maximum removal efficiency of 
the heavy metal ions occurred at 0.4 bar which was 100% 
and 93% for Pb and As, respectively. The dynamic adsorp-
tion process at lower TMP allows benefiting all active sites 
of the adsorbent which leads to the maximum removal effi-
ciency. In other words, the affinity of PLA/HAp absorptive 
membranes for heavy metal ions is inversely proportional 
to the employed TMP. On the other hand, the increase in As 
removal efficiency was more pronounced when the TMP was 
decreased. This may be attributed to the fact that slow filtra-
tion can improve the physical metal adsorption capacities.

The separation and regeneration performance of the 
selected membrane in the removal of Pb and As was evalu-
ated at 0.4 bar for multiple adsorption–desorption conse-
quent cycles, and the obtained results are represented in 
Fig. 9b. It was shown that the removal efficiency of Pb 
stayed constant at 100% for three filtration cycles and then 
reduced gradually. Moreover, comparing this figure to 
the experimental data indicated in Fig. 7 revealed that the 
removal efficiency of the dynamic adsorption is higher than 
the batch equilibrium adsorption. These results denoted that 
the adsorptive membrane allows the use of all active adsorp-
tion sites of the adsorbent, by taking the advantage of the 
convective flow compared to slow diffusion mechanisms in 
the batch adsorption.

Fig. 9   a Effect of TMP on the PWF and removal efficiency of Pb and As on PLA/HAp-2.5 membrane, b removal efficiency of Pb and As in five 
adsorption/desorption cycles for PLA/HAp-2.5 membrane at TMP = 0.4 bar
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After five cycles, the removal efficiency of Pb dropped 
lower than 90% which led to maintaining the Pb concentra-
tion of the permeate solution below the MCL of 10 ppb. 
However, in the case of As ion, the removal efficiency 
decreased from 93 to 90% after four multiple adsorp-
tion–desorption cycles. It is obvious that the decrease in 
removal efficiencies of Pb is more noticeable than As after 
several regeneration cycles due to the chemical adsorption 
of Pb

For the sake of comparison, the results of some avail-
able studies toward the heavy metal ions removal by HAp 
as adsorbent are gathered and given with that of PLA/HAp 
membrane (current work) in Table 3. Since the initial con-
centration of heavy metals strongly increases the adsorp-
tion capacity, a direct comparison among different situations 
and getting a solid conclusion is somehow unachievable. 
Nonetheless, the priority of this work was set to compare 
the removal efficiency of different HAp nanoparticles or 
composites at low initial concentrations of Pb and As which 
are common in both surface or ground waters (≈ 100 ppb). 
According to the comparison results given in Table 3, it 
was evidenced that the PLA/HAp membrane exhibited the 
high-performance efficiency in removing both Pb and As 
ions from the aqueous solutions. Therefore it can be con-
cluded that adsorptive membrane possesses higher adsorp-
tion capacity than other available HAp adsorbents in batch 
or column adsorption and the presence of Pb can improve 
the As adsorption capacity of HAp.

Conclusion

Efficient adsorptive membranes for simultaneous absorp-
tion of both cationic and anionic heavy metals from con-
taminated water were developed based on PLA biopoly-
mer. The incorporation of 2.5 wt% of HAp as an adsorbent 
into PLA matrix was confirmed to be an effective approach 
to provide favorable permeability (1100 L m−2 h−1), poros-
ity (78%), and hydrophilicity (with a contact angle of 57°), 
excellent mechanical properties (strength of 1.7 MPa), and 
high Pb and As removal efficiency of the product mem-
brane from contaminated water. The high adsorption 
capacity of the membrane was mainly attributed to the 
complexation between the metal ion and phosphate func-
tional group in HAp via electrostatic interactions. Moreo-
ver, electrostatic interaction of Ca or Pb with oxyanions of 
As is found to be the origin of the As adsorption into the 
membrane. In the dynamic adsorption process, efficiency 
of Pb and As, from water, increased with reducing applied 
TMP. The PLA/HAp absorptive membranes showed excel-
lent results for heavy metal ion removal at several con-
secutive cycles, however, the membrane performance 
retention in removal efficiency was higher for Pb ion. For 
PLA/HAp-2.5 membrane, the full removal efficiency of Pb 
was kept up to three adsorption-regeneration cycles, while 
a slight deterioration in As removal performance of the 
membrane was observed even in three cycles. Overall, it is 
worth noting that the proposed PLA/HAp membranes may 

Table 3   Comparison of maximum Pb and As removal efficiencies for different HAp adsorbents

Adsorbent pH Pb removal (%) As removal 
(%)

Method References

Hydroxyapatite 8.5 – 50 Batch adsorption Mirhosseini et al. (2014)
Copper doped hydroxyapatite 7.0 – 35 Precipitation Jahan et al. (2017)
Modified hydroxyapatite with SiO2 8.5 – 90 Batch adsorption Nakahira et al. (2006)
Cellulose-carbonated hydroxyapatite 7.0 – 88 Batch adsorption Islam et al. (2011)
CA–hydroxyapatite composite 7.0 95 – Batch adsorption Hamad et al. (2020)
Chitosan–hydroxyapatite composite nanofiber 7.0 72 – Batch adsorption Aliabadi et al. (2014)
Fish scale-extracted chitosan–hydroxyapatite 2.0 75 – Batch adsorption Liaw et al. (2020)
Fish scale-extracted chitosan–hydroxyapatite 2.0 94 – Fixed bed adsorption Liaw et al. (2020)
Current work 7.0 100 93 Adsorptive membrane
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offer several advantages due to their bifunctional proper-
ties in removing both cationic and anionic heavy metal 
ions from aqueous solutions over the available membranes.
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