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KEYWORDS Abstract Detonation nanodiamonds (DNDs), for the first time, were utilized to modify chitosan/
Adsorption; polyvinyl alcohol (CS/PVA) thin membrane adsorbents. For this purpose, different contents of
Membrane adsorbent; DNDs, from nil to 1.5 wt%, were embedded in the polymer matrix of the membranes to obtain
Nanodiamonds; the optimum content. Static adsorption of Pb(II) on the prepared membrane adsorbents was stud-
Heavy metals; ied. The fabricated membranes were characterized in terms of morphology and performance using
Isotherm scanning electron microscopy (SEM) micrographs and Fourier transform infrared (FTIR) spectrum

analyses. Langmuir and Freundlich isotherms were used to model the equilibrium adsorption. The
effects of pH, temperature, and initial metal concentration on the adsorption capacity were inves-
tigated. Results showed that adsorption of lead ion is more favorable at pH = 6. Thermodynamic
parameters including AH®, AS® and AG® revealed endothermic, entropy-driven and spontaneous
nature of the adsorption. Adsorption capacity for Pb(Il) increased from 29.5 mg g~ (for the plain
membrane) to 121.3 mg g~! by the addition of 1.5 wt% DNDs; however, the optimal content was 1
wt% DNDs considering both mechanical stability and adsorption capacity. Results revealed that
the ultra-thin CS/PVA membrane adsorbents modified with DNDs are very potential candidates
for heavy metal adsorption.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The appearance of heavy metals in wastewater is conducive to
long-term risks in the ecosystem. One of the most dangerous
heavy metal ions, which enter the environment via industrial
effluents, is lead. The sources of releasing lead into the environ-
ment are battery manufacturing, acid metal plating and finish-
ing, ammunition, tetraethyl lead manufacturing, ceramic and
glass industries, printing, painting, dying, and other related
industries (Ridha, 2017). Lead is non-biodegradable and tends
to bio-accumulate in the cells of the living organisms. Expo-
sure to lead may lead to anemia, severe problems with the ner-
vous system, failure of reproductive system, liver and kidney
diseases, brain damage and ultimately death (Gupta et al.,
2011). Therefore, removing lead ions from water resources is
very important, even at low concentrations (more than 0.01
mg/L) (Mehdipour et al., 2015).

Membrane separation technology compared to the conven-
tional separation processes has much superiorities including
lower power consumption, smaller footprint, ability of being
manufactured with different sizes and modules, favorable mass
transport, lower pressure drop, usability for materials sensitive
to temperature, regeneration capacity, high efficiency, easy
scale-up and ability to be hybridized with other separation
processes (Mehdipour et al., 2015).

Recently, membrane adsorption has appeared as a popular
technology to remove heavy metal ions from effluents (Gupta
et al., 2011). The membrane adsorption compared with con-
ventional separation methods such as chemical precipitation,
ion exchange, and adsorption columns offers unique advan-
tages for the heavy metals removal. Some examples of relative
advantages of membrane adsorption are high removal effi-
ciency especially at low metal concentration, normal produc-
tivity, low-pressure drop, proper reusability, fast kinetics and
desired removal rate (Mehdipour et al., 2015; Salehi and
Madaeni, 2014). The existence of abundant functional groups
such as —COOH, —OH, —NH, and —SO;H on the surfaces of
the adsorptive membranes makes them chemically so reactive.
The functional groups are capable to adsorb heavy metal ions
through surface complexation, chemical bonding and/or ion-
exchange mechanisms (Salehi and Madaeni, 2014). In addi-
tion, membrane adsorbents are ultra-thin film adsorbers, usu-
ally with the average thickness less than 20 um (Salehi and
Madaeni, 2014). Having these characteristics provides the con-
ditions for facilitated and enhanced mass transport through
the membranes. Accordingly, heavy metal ions can be favor-
ably adsorbed by the membranes even at trace concentrations
(less than 10 mg/L).

Chitosan (CS) is a well-known natural polysaccharide, the
second most available biopolymer in nature, with a wide range
of applications in the preparation of adsorptive membranes.
This polymer has excellent properties such as high hydrophilic-
ity, normal chemical resistance, abundant reactive functional
sites, biocompatibility and biodegradability (Salehi et al.,
2016). Chitosan contains amine and hydroxyl functional
groups; meanwhile, the amine groups are in advance responsi-
ble for chelating heavy metal ions (Jayakumar et al., 2011).

The combination of chitosan with suitable polymers such as
cellulose acetate, acrylonitrile butadiene styrene, and polyvinyl
alcohol have also resulted in highly reactive and mechanically
stable membranes (Jayakumar et al., 2011; Shawky, 2009).

Polyvinyl alcohol (PVA), a highly hydrophilic and CS-
compatible polymer, has been extensively used to enhance
the mechanical and chemical properties of chitosan mem-
branes (Cheng et al., 2010; Liu and Bai, 2006; Jin and Bai,
2002).

Except for porosity and morphology, the addition of
nanostructures can promote the sorption properties of chi-
tosan membrane adsorbents. Incorporation of inorganic
nanoparticles can also improve the mechanical properties of
the membranes (Ashori and Bahrami, 2014; Delavar and
Shojaei, 2017; Ghaee et al., 2010; Khabashesku et al., 2005;
Khan et al., 2017; Vatanpour et al., 2012; Zarghami et al.,
2015). Acid functionalized CNTs embedded into CS/PVA
adsorptive membranes were studied by Zarghami et al. for
adsorption of Pb(II) and Zn(II) ions (Zarghami et al., 2015).
Peng et al. Modified nanoporous magnetic cellulose—chitosan
microspheres by adding abundant carboxyl groups for efficient
removal of Pb(II) from aqueous solution (Peng et al., 2017).
Chitosan grafted with poly(itaconic acid) were synthesized by
Kyzas et al. to enhance the lead ion uptake by the chitosan
adsorbent (Kyzas et al., 2014). Chitosan schiff’s base@Fe;04
were fabricated and used for the removal of Pb(II) ions from
aqueous solutions in batch adsorption mode. Chitosan was
modified by crosslinking with aldehyde and ZnO in this work
(Weijiang et al., 2017). Chen et al. synthesized xanthate-
modified magnetic chitosan/PVA particles as a novel adsor-
bent (Lv et al., 2017). This modification could elevate the
mechanical stability, reusability and adsorption properties of
the chitosan adsorbent.

Nanodiamonds have emerged as promising nanoparticles
because of their remarkable mechanical, thermal and biologi-
cal properties together with its large specific surface area (lar-
ger than 200 m?/g) and hydrophilic surface owing to the
presence of many oxygenated functional groups (Delavar
and Shojaei, 2017). Khabashesku et al. (2005) showed that
nanotubes and nanocrystalline diamond powders need some
surface modifications due to lack of interfacial bonding and
nonreactive surface.

On July of 1963, the Soviet Union and East Block discovered
detonation synthesis method for producing nanodiamonds
(Danilenko, 2004). The detonation nanodiamonds (DNDs) pro-
duced by detonation synthesis are called explosive nanodia-
monds or ultra-dispersed nanodiamonds, which are uniform
spherical nanoparticles with an average size of 4-6 nm and have
alarge and accessible surface area. The X-ray diffraction (XRD)
analysis have shown that the DNDs nanoparticles have the cubic
structure with lattice constant a = 0.355 nm and density of
3.05-3.4 g/em® (Dolmatov, 2001; Gerasin et al., 2013). The
nanoparticles also preserve and show most of the unique prop-
erties of diamond such as excellent hardness, high specific sur-
face area, thermal conductivity, optical properties,
biocompatibility, stability and good chemical resistance even
at environments with harsh conditions (Dolmatov, 2001;
Mochalin et al., 2012). The DNDs are considered from the cat-
egory of tough synthetic powders, which are derived from the
reaction of two materials that are more explosive, the nitro
toluene and the hexogen with certain ratios. The presence of a
large number of different functional groups on the surface of
the DNDs is another distinguished property of these nanoparti-
cles compared to other nanoparticles (Delavar and Shojaei,
2017; Behler et al., 2009; Zhang et al., 2010).
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In this study, the DNDs are used, for the first time, to mod-
ify chitosan/PVA adsorptive membranes in order to improve
the adsorptive removal of lead ions from aqueous solutions.
SEM and FTIR analysis were employed to characterize the
membranes containing different nanostructure contents. Batch
adsorption experiments were conducted to study the adsorp-
tion isotherms and thermal effects.

2. Materials and methods

2.1. Chemicals

Chitosan powder with 90% deacetylation degree and molecu-
lar weight of 100,000-300,000 Da was purchased from Acros.
Polyvinyl alcohol (PVA, Mw = 58,000 Da) from Merck
(Germany) was used for membrane fabrication. Spherical
nanodiamond particles were prepared from PlasmaChem
Company (Germany). All other chemicals were of analytical
grade and used without further purification.

2.2. Apparatus

An ultrasound sonicator (SONOREX DIGITE DT255BAN-
DELIN) was employed for homogeneous dispersing of DNDs
in aqueous solutions. A thermal shaker-incubator (NB-205V)
was used to keep temperature fixed during batch adsorption
experiments. A heater stirrer (IKA WERKE) was used to keep
the solution at a constant temperature and constant stirring
solution.

The Fourier transform infrared (FTIR) spectrum was per-
formed by a Fourier transform infrared spectrometer (Brucker
VERTEX 80, Germany). To determine the concentration of
lead ions in the sample solution, an inductively coupled plasma
(ICP) spectrometer (Varian MPX Vista model) was applied.

Morphology of the membranes was characterized using a
scanning electron microscopy (SEM, VEGA, Tescan). The
image of the fabricated membranes was observed at accelerat-
ing voltage of 10 kV. For removal of probably attached con-
taminants, the membranes were cut to the small coupons
and cleaned by filter paper. For cross-sectional scanning, the
coupons were immersed in liquid nitrogen to freeze. Following,
the frozen parts were broken and coated with a gold conduc-
tive layer.

2.3. Membrane fabrication

To prepare chitosan/polyvinyl alcohol membrane adsorbents,
CS and PVA solutions were prepared separately and then,
mixed. Firstly, 1% (v/v) acetic acid solution was prepared.
Afterwards, distinct amount of chitosan powder was added
to the above solution with stirring (150 rpm) at room temper-
ature for 24 h to obtain a 2 wt% CS solution.

The nanodiamonds with different percentages of 0.2, 0.5,
0.75, 1.0, 1.25 and 1.5 wt% relative to the total weight of all
the polymers used (PVA and chitosan) were added to 10 wt
% PVA sample solution. For this purpose, different amounts
of the DNDs were added to 9 g of water and ultrasonicated
for 30 min for appropriate dispersion. Next, PVA granules
(1 g) were added to the above solutions. The PVA/DNDs solu-
tions were heated at 70 °C using an oil bath for 24 h under con-

stant stirring (150 rpm) to obtain homogenous solution. After
24 h, the chitosan and PVA solutions were mixed and heated
at 50 °C in the oil bath for 1 h under constant stirring (250
rpm). The obtained solutions were kept in the bath without
stirring for 48 h at 50 °C to sufficiently free from the air bub-
bles and crosslinked. After that, the prepared solutions were
cast on glass plates using a film applicator with the thickness
of 250 um and allowed to dry at room temperature overnight.
The dried films attached on the glass plates were immersed into
1 M NaOH solution for 1 h to separate the membranes from
the glass surface. Finally, the obtained membranes were care-
fully rinsed with distilled water and then left to dry for 24 h at
room temperature.

2.4. Static adsorption

To measure the equilibrium adsorption of the prepared mem-
brane, 50 mL lead solutions with different concentrations (1, 2,
5, 10, 20 and 30 mg/L) were incubated with distinct mass of the
membrane adsorbent (~0.02 g) under constant stirring (150
rpm) for 24 h. pH for adsorption of Pb(II) ions on the CS/
PVA membranes was adjusted between 4 and 6 (4, 5 and 6).
Firstly, adsorption tests of all the samples were conducted at
pH = 6 and 20 °C. Then, two other temperatures (30 and
40 °C) as well as different pH values (4 and 5) were tested using
the membranes with the optimum percentage of the nanodia-
monds. The concentration of the ions in the feed and super-
natant solutions was measured using ICP spectrometer.
Equilibrium adsorption was determined according to the fol-
lowing equation:

0 = G=C)y )
m

where Q. is the equilibrium adsorbed amount of Pb(II) ions on

the membrane (mg/g), V' is the volume of the solution (L), C,

and C, are the initial and final concentrations of Pb(II) ions

(mg/L) in the solutions, respectively, and m is the mass of

the adsorptive membrane (g).

3. Results and discussion
3.1. Characterization of nanodiamonds (DNDs)

3.1.1. FTIR analysis of DNDs

FTIR spectral analysis was performed to confirm the func-
tional groups on the nanoparticle surface. A Brucker VER-
TEX 80 FTIR spectrometer was employed for this purpose.
Oxygen-containing functional groups such as hydroxyl, car-
boxyl and ether are created on the surface of nanodiamonds
when the nanoparticles are produced through detonation syn-
thesis (Krueger, 2008). In Fig. 1, FTIR spectrum is related to
DNDs. A strong peak appears as one broad band in the region
of 3300-3500 cm ™!, which is attributed to the stretching vibra-
tion of O—H groups. The 2830-2930 cm ™! peak is related to
the symmetric and asymmetric stretching vibration of C—H
groups (Mitev et al., 2007). The stretching vibration of C=0
belongs to carbonyl and carboxyl groups and appears at
1708 cm~!. The bending vibration of O—H groups, also
stretching vibration of aromatic carbon graphite SP* linked
around the nanoparticle appear at 1628 cm™', whereas, the
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Fig. 2 XRD spectra of the DNDs nanoparticles.

stretching vibration of the ether C—O appeared at 1120 cm ™"
(Mochalin et al., 2012; Mitev et al., 2007).

The IR spectrum of most nanoparticles which have been
synthesized by detonation technique, a broad absorption band

FTIR spectra of DNDs nanoparticles.

in the region 1000-1500 cm ™! is visible, which is known as the
fingerprint area (Zarghami et al., 2015). This fingerprint area is
related to the stretching vibration of C—C, C—0O—C, the
stretching vibration of an amide C—N, vibrations of C—N—H
and the vibrations of NO,. In this method, the nanoparticles
are produced from the reaction between two highly explosive
material e.g. nitro toluene and hexogen, therefore it is quite
possible that nitrogen compounds residual remains in the
structure of the nanodiamonds (Mochalin et al., 2012).

3.1.2. XRD spectra of the DNDs nanoparticles

In order to observe the accuracy of DNDs construction, X-ray
diffraction method is used. Fig. 2 shows an XRD pattern of
the nanodiamonds. The XRD analysis was performed using
a powder diffractometer. The pattern shows a peak at an angle
20 = 43.66° which is related to the face-Centered Cubic (FCC)
structure of the diamond with space group of 227 and constant
lattice A° of a = 3.566 (Morimune et al., 2011). The phase
identification, which has been done by XRD analysis, confirms
this crystal structure. The diamond structure includes two net-
works with face-Centered Cubic, which have influence on each

g

()

Q

c

©

£

€

wv

c

o

=
------ Nanodiamond
- = = NO particle

1% DND
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm'?)

Fig. 3 ATR-FTIR transmission spectra of DNDs, plain membrane and membrane with 1% nanodiamond.
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other. In this structure, there are eight carbon atoms and each
carbon atom bonding to four others covalently (Morimune
etal., 2011; Evarestov, 2012; Lee and Lim, 2004). This suggests
that diamond nanoparticles, even with less than 10 nm size,
have three-dimensional structure.

3.2. Membrane characterization

3.2.1. FTIR analysis

FTIR analysis was performed for the raw nanodiamonds, the
membrane samples without nanoparticles and with 1% nan-
odiamonds. The results are depicted in Fig. 3. The wavelength
of 3360 cm ™! is related to stretching vibrations of polyvinyl
alcohol —OH group, and chitosan —NH,. Stretching vibration
of C—H appeared at 2935 cm ™!, whereas, 1089 cm ™! is related
to C—N bond of chitosan and C—O bonds of polyvinyl alco-
hol and nanodiamonds (Salehi et al., 2012).

Comparing the plain membrane with the membrane con-
taining 1% nanodiamonds shows an increase in absorbance
at wavelength of 1089, 2935 and 3360 cm™~'. These peaks also
appear in the nanodiamonds spectra. This confirms the exis-
tence of the nanoparticles in the CS/PVA membrane structure.
Increased intensity of the peaks represents an increase in the
membrane functional groups. These functionalities can act as
reactive adsorption sites and enhance the adsorption of Pb
(IT) from the aqueous media.

3.2.2. SEM micrographs

SEM is a widely used technique to study the cross-section mor-
phology and surface characteristics of membrane adsorbents
(Nesic et al., 2012). Fig. 4 shows SEM images of the membrane
samples with different contents of DNDs (0, 0.5, 1.0, 1.5 wt%).
The average thickness of the prepared membranes is around 5
um which is smaller than the average thickness of the film
adsorbents (10 to 20 um) based on literature (Salehi and
Madaeni, 2014; Salehi et al., 2012; Salehi et al., 2013). Accord-
ingly, the fabricated membranes are classified as ultra-thin film
adsorbents. The images of the membrane surfaces Fig. 4a—h)
clearly show that a homogeneous dispersion of DNDs is
achieved throughout the CS/PVA matrix (He et al., 2014).
Some protuberances can be observed in Fig. 4b and c, indicat-
ing that DNDs rather tend to aggregate during preparation of
composite films (Zuo et al., 2013). Fig. 4d depicts that, with the
addition of nanoparticle percentage, the nanoparticle content
increases on the membranes surface. Undesirable agglomera-
tion of the nanodiamonds on the membrane surface can be
caused by side interactions between functional groups on the
nanoparticles surface. Fig. 4c shows the optimal membrane
with uniform distribution of DNDs.

Fig. 4d shows that embedding 1.5% DNDs leads to
agglomeration of DNDs on the membrane surface, which it
makes the membrane quite fragile. In addition, application
of CS/PVA membranes with 1.5% DNDs for adsorption is
limited due to weak structure and unfavorable mechanical
properties. The resulted membranes with 1.5% DNDs were
also very hard to produce and we able to difficultly cut the
membranes to certain area. The density of the blended mem-
branes increased apparently compared to the plain membrane.
This indicates the strong interaction among the CS and PVA
polymers and DNDs.
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Fig. 4 Surface (a—d) and cross-section (e-h) SEM images of CS/
PVA membranes with different DNDs contents.

The cross-sectional SEM images of the membranes contain-
ing various amounts of DNDs are depicted in Fig. 4d-h. The
cross-sectional images of the membranes demonstrate clear
stratification as bright lines in their structures (Salehi et al.,
2012; Salehi et al., 2013; Han et al., 2011). With the addition
of nanodiamonds in the membrane matrix, the membrane pore
density and porosity increases which may cause a rise in the
adsorption content due to the increase of the effective surface
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area. The images showed that addition of 1wt% DNDs
increases the porosity of the CS/PVA membrane but 1.5 wt
% DNDs causes a slight reduction in the porosity, as obvious
from Fig. 4 h. According to the literature, it seems that low
content of hydrophilic nanoparticles, accelerate evaporation
rate, also increase the intensity of NaOH attack to the mem-
brane (during detach from the glass), leading to formation of
wrinkles and pores in the membrane structure during the
preparation process (Salehi et al., 2013). On the other hand,
higher amounts of nanoparticles results in compact membrane
structures. Addition of 1.5% DNDs makes the membrane’s
structure to be denser than the plain membrane, which is
due to high inter-connections of the polymeric matrix as well

Equilibrium adsorption of Pb(II) on CS/PVA membranes with different DNDs content.

as increased viscosity of the casting solution (Salehi et al.,
2012; Salehi et al., 2013).

3.3. Effect of DNDs content

The effect of DNDs content on the Pb(II) removal efficiency of
CS/PVA/DNDs composite membranes (DNDs content varied
from 0 to 1.5wt%) was investigated. Fig. 5 exhibited the
removal efficiency of Pb(Il) ions versus residence time for
CS/PVA membranes with different contents of nanodiamonds
loading (for the initial heavy metal ions concentration of 30
ppm, at 30 °C and pH = 6). As can be observed, removal rate
is high at early times of adsorption and by passing time, the
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removal rate decreases. On the other hand, as the Fig. 5 shows
the highest adsorption uptake occurs within the first three
hours. During the first hours of the adsorption process, there
are higher empty active sites throughout the membrane. There-
fore, stronger ion adsorption would be caused through the sur-
face chelating mechanism (Salehi et al., 2012). Then, the
adsorption sites will be gradually occupied by the ions and
so, the mass transfer driving force and the uptake rate
decreases (Khan et al., 2017).

It is also clear that, by increasing DNDs content, the ion
uptake increases on the membranes. Diamond nanoparticles
increases the removal rate of Pb(II) due to the increase in
the porosity of the membrane Fig. 4 and the affinity due to
the presence of functional groups on the surface of DNDs.
However, addition of extra DNDs (more than 1 wt%) has
no meaningful effect. At higher amount of nanoparticles, they
agglomerate on the surface of the membrane and thus, reduce
the porosity. Accordingly, the membrane loses a number of
active sites. This leads to no meaningful enhancement in
adsorption capacity despite using higher amount of
nanoparticles.

3.4. Effect of Pb(II) concentration on the equilibrium
adsorption

The equilibrium adsorption of Pb(II) ions onto the prepared
adsorptive membranes (CS/PVA-DNDs) at different initial
ion concentrations was investigated. To examine the equilib-
rium adsorbed amount, the experiments were performed at
20 °C and pH = 6 with different initial concentrations of lead
solution (1-30 mg/L). The pH of the solution was adjusted
with standard HCI (0.1 M) and NaOH (0.1 M).

Fig. 6 shows that with increasing the initial concentration,
the adsorption of metal ions increases. In fact, higher metal
concentrations increases the driving force and improves the
interactions between ions and active sites (Salehi et al.,
2013). It can also be observed that the ion adsorption is
increased by raising DNDs content in the membrane. It can
be explained as follows: with the more content of DNDs, the
higher functional groups would be available for lead ions to
uptake. Increasing membrane porosity and excess surface area
are other causes for the increased adsorption on the mem-
branes with higher DNDs loading.

3.5. Adsorption isotherms

Equilibrium isotherms play crucial role in describing the equi-
librium adsorption behavior of adsorbents. Two adsorption
isotherms, Langmuir and Freundlich isotherm, were used to
investigate Pb(II) adsorption equilibria. These two models
are the most common isotherms used to describe the solid-lig-
uid adsorption system (Luo et al., 2013). Langmuir equation
can be represented as:

bC,
max l + bCe

0.,=0 (2)
where Q, (mg/g) and C, (mg/L) are equilibrium adsorption
amount and metal concentration at equilibrium. Q,,,. (mg/g)
is the maximum adsorption (namely, adsorption capacity)
and b (L/mg) is the Langmuir isotherm constant. In this equa-
tion, it has been assumed that the surface of the adsorbent is

Table 1 Equilibrium constants and correlation coefficients of
Freundlich and Langmuir isotherms for adsorption of lead ions
on nanocomposite CS/PVA adsorptive membranes.

Langmuir Isotherm Constants

Membrane (% DNDs) b (L/mg) Oumax (mg/L) R
0% 0.2061 29.54 0.9979
0.20% 0.1604 50.70 0.9982
0.50% 0.1871 76.60 0.9989
0.75% 0.2408 75.05 0.9919
1.00% 0.2575 91.91 0.9996
1.25% 0.2197 105.60 0.9992
1.50% 0.1951 121.30 0.9975
Freundlich Isotherm Constants
a(mg/g)  m R’
0% 6.18 0.468 0.9858
0.20% 8.34 0.547 0.9922
0.50% 12.85 0.606 0.9883
0.75% 14.73 0.602 0.9742
1.00% 18.35 0.633 0.9886
1.25% 18.79 0.680 0.9972
1.50% 19.27 0.717 0.9892

homogenous with negligible interactions between adsorbing
molecules (Ghaee et al., 2010).

Freundlich isotherm supposes that adsorption happens in
multi-layered heterogeneous surfaces. Moreover, based on its
hypothesis, stronger bonding sites are occupied sooner (Luo
et al., 2013). This model is expressed as:

0, = aCy 3)

where @ and m are the Freundlich isotherm constants.

Both models are in good agreement with the equilibrium
adsorption data; however, the Langmuir model shows a better
fit based on the higher R? values. The calculated results for the
Freundlich and Langmuir isotherms fitted to the equilibrium
adsorption data are given in Table 1.

Isothermal study results Table 1 indicated that the raising
of DNDs content from nil to 1.5 wt% resulted in enhancing
the adsorption capacity of the adsorbent from 29.5 mg/g to
121.3 mg/g, respectively. It is worth mentioning that having
desired mechanical resistance is another most important prop-
erty for an adsorbent beside having high adsorption capacity.
This criterion limits the application of the nanocomposite
membranes with DNDs content higher than 1wt%, as
described before. Furthermore, the rate constant of the Lang-
muir isotherms (b) tabulated the highest value for the mem-
brane with 1 wt% DNDs, indicating superior uptake rate on
this optimal membrane adsorbent.

3.6. Thermodynamic and effect of temperature

Fig. 7 shows that the removal of Pb(II) ions from aqueous
solution by the membrane is affected by the temperature i.e.,
the ion uptake increases slightly as the temperature increases.
Membrane adsorption capacity increases from 56.2 mg/g at
20°C to 63.05mg/g at 40°C. It is probably due to the
endothermic nature of the adsorption process (Salehi et al.,
2013). Enhanced rate of intraparticle diffusion of lead ion as
well as changes in the size of the membrane pores are other
presumable reasons for the temperature effect (Shawky, 2009).
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Fig. 7 Equilibrium isotherms for adsorption of lead ions on the
membrane at various temperature (pH = 6).

Thermodynamic parameters including enthalpy change
(AH®), entropy change (AS°) and Gibbs free energy change
(AG®) at different temperatures (20, 30 and 40° C) were
obtained from Egs. (4) and (5):

InK= ﬁ — ﬂ 4)
R RT
AG = —RTInK (5)

where R is the universal gas constant, 7 (K) is the absolute
temperature and k is the equilibrium adsorption constant

which can be estimated by the rate constant of the Langmuir
isotherm. The equilibrium adsorption constant demonstrates
the relative distribution or partitioning of the solute between
the aqueous phase and the adsorbent phase. K values can also
be obtained from the intercept of the linear plot of In(Q,./C,)
against Q, Fig. 8 (Salehi et al., 2012; Debnath et al., 2014).

The slope and intercept of the Van’t Hoff’s diagram, nK
versus 1/T, represent enthalpy and entropy changes of adsorp-
tion, respectively. Gibbs free energy can be estimated from Eq.
(5). Results of thermodynamic analysis are presented in
Table 2.

Positive values of AH° show that the adsorption is
endothermic. Positive values of AS° represent an increase in
the randomness at the interface between the solid and liquid
phases. It also shows well affinity between the cations and
the membranes. Moreover, the randomness generated in the
solid-liquid interface increases during the process of adsorp-
tion, which is probably due to the release of water molecules
when hydrated lead ions is adsorbing on the surface of the
adsorbent. Negative value of AG® indicates that the lead ion’s
adsorption is feasible and spontaneous. AG® decreases with
increase in temperature, which is due to the endothermic nat-
ure of the process. This means the higher temperature, the
more favorability of adsorption (Debnath et al., 2014).

3.7. Effect of pH

The solution pH has a great effect on the adsorption of com-
ponents (Nesic et al., 2012). Fig. 9 shows the effect of pH on
the adsorption of lead ions by CS/PVA/DNDs membrane. It
can be seen that increasing pH from 4 to 6 enhanced the

4 r
35T & 0%
3 | m0.2%
25 A 0.5%
o
L
5_ 2 F X 0.75%
£
15 F A 1%
1k ® 1.25%
05 F 0 1.5%
O 1 1 1 1 1 J
0 10 20 30 40 50 60
Qe (mg/g)
Fig. 8 In(Qe/Ce) versus Qe for adsorption of Pb(II) on the membrane at various DNDs content.

Table 2 Standard thermodynamic parameters for adsorption of lead ions at different temperatures.

Membrane (M1) InK AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol)
T =293K 3.2025 —17.80 3.77 0.015

T = 303K 3.3843 —8.525

T =313K 3.0994 —8.065
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Fig. 9 Effect of pH on lead ions adsorption on the CS/PVA
membrane containing 1 wt% DNDs.

adsorption capacity from 77 to 92 mg/g. In acidic pHs, compe-
tition between H;O ™ and lead ions reduces the adsorption of
the target ions (Salehi et al., 2013; He et al., 2008). The com-
petition among the ions for amine adsorption sites through
chelation mechanism is illustrated according to reactions

(6)-(8):

R-NH, + H" — R-NH{ (6)
R-NH, + Pb*" — R-NH,Pb*" (7
R-NH{ + Pb*" — R-NH,Pb*" + H* (8)

pH for pure adsorption (without precipitation) of most of
metal ions on chitosan membranes is normally between 5
and 6 (Cheng et al., 2010; Liu and Bai, 2006; He et al., 2008;
Boricha and Murthy, 2009). In acidic solution, the accumula-
tion of protons on the membrane surface weakens the electro-
static interactions between the membrane surface and lead ions
and therefore reduces the adsorption. Increased removal of
lead ions in alkaline pHs is probably due to the formation of
metal hydroxide (such as Pb(OH),) in the system. At such con-
dition, sedimentation and precipitation promote the removal
of metal hydroxide together with the adsorption mechanism
(Cheng et al., 2010; He et al., 2008; Boricha and Murthy,
2009). Similar trends has been observed by other researchers
for adsorption of metal ions on the chitosan membranes
(Khan et al., 2017; Chen et al., 2009).

4. Conclusions

In this study, detonation diamond nanoparticles were
employed, for the first time, to enhance the adsorption of the
lead ion by CS/PVA thin membrane adsorbent. For this pur-
pose, different contents of the nanoparticle were embedded
in the matrix of the CS/PVA membranes. The optimum per-
centage of DNDs was 1 wt%; whereas, agglomeration of
nanoparticles on the membranes surface was observed at 1.5
wt% of DNDs which caused a decrease in the porosity and
mechanical stability of the membranes. It was concluded that
extra addition of nanoparticle (>1wt%) could not signifi-
cantly promote the membrane adsorption performance. It

means that there is an optimum amount for the addition of
DNDs into the CS/PVA matrix. Thermodynamic studies
depicted spontaneous (AG® < 0), endothermic (AH® > 0)
adsorption with entropy generation (AS® > 0) at the solid/lig-
uid interface. The effect of solution pH on the adsorption
capacity was also studied in the pH range of 4-6. The maxi-
mum adsorption capacity calculated by the Langmuir isotherm
model was about 92 mg/g at 293 K and pH = 6. Generally,
results suggested that the CS/PVA membranes including
DNDs are excellent heavy metal adsorbers for application in
water treatment process.
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