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KEYWORDS Abstract This study reports a new approach of preparation of carbon dots coated on aluminum
CDs/ALO;NFs nanocom- oxide nanofibers (CDs/Al,O;NFs) nanocomposite and reusing the spent adsorbent of lead
posite; ‘ (Pb>") ions loaded adsorbent (Pb*>*-CDs/Al,OsNFs) nanocomposite for latent fingerprint detec-
Lead adsorption; tion (LFP) after removing Pb>" ions from aqueous solution. CDs/Al,O3NFs nanocomposite was
Reusable for latent finger- prepared by using CDs and Al,O3;NFs with adsorption processes. The prepared nanocomposite
print detection; was then characterized by using UV-visible spectroscopy (UV-visible), Fourier transforms infrared
Powder dusting method spectroscopy (FTIR), Fluorescence, X-ray diffraction pattern (XRD), scanning electron microscope

(SEM), Transmission electron microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDS),
Zeta potential, X-ray photoelectron spectroscopy (XPS). The average size of the CDs was
51.18 nm. The synthesized CDs/Al,O3;NFs nanocomposite has proven to be a good adsorbent
for Pb*>* ions removal from water with optimum pH 6, dosage 0. 2 g/L. The results were best
described by the Freundlich Isotherm model. The adsorption capacity of CDs/Al,O3;NFs nanocom-
posite showed the best removal of Pb>" ions with q,, = (177. 83 mg/g), when compared to the pre-
vious reports. This adsorption followed the pseudo-second order kinetic model. AG and AH values
indicated spontaneity and the endothermic nature of the adsorption process. CDs/Al,O;NFs
nanocomposite therefore showed potential as an effective adsorbent. The data were observed from
adsorption—desorption after 6 cycles which showed good adsorption stability and re- usability of
CDs/ALO;NFs nanocomposite. Furthermore, the spent adsorbent of Pb?*-CDs/Al,O;NFs
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nanocomposite has proven to be sensitive and selective for LFP detection on various porous sub-
strates. Hence Pb> " -CDs/Al,O3NFs nanocomposite can be reused as a good fingerprint labelling
agent in LFP detection so as to avoid secondary environmental pollution by disposal of the spent

adsorbent.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Heavy metals are considered as primary pollutants due to their mobil-
ity and toxicity in natural water systems. Among the various heavy
metals, Lead is considered as an extremely toxic metal as it poses
health problems to human beings and the environment at very low
concentrations in water (Al Naggar, 2018; Gautam et al., 2016). The
major sources of lead contamination in water are from the discharge
of wastewater from different industries such as mining, metallurgical
processes, electroplating, and plastics manufacturing (Jaishankar
et al., 2014). Lead has been found in the water of numerous public
housing estates, particularly those opened the in the past decade
(Kang-Chung Ng 2015). Additionally, Pb>* and PbO were also used
as efficient and selective catalysts for the reduction of target products,
which is based on the physical and chemical properties of catalysts. Pb-
doped BiFeO; on reduced graphene oxide (rGO) sheets (Pb-BFO/
rGO) was used as a heterogeneous catalyst for the photocatalytic
degradation of perfluoroocatanoic acid (PFOA) under the microwave
enhanced Fenton method (Li et al., 2017). Pb-CeO,-WO; and PbO-
Mn-Ce/TiO; catalysts exhibited the best catalytic activity and selective
catalytic for the reduction of NO into NH; (Peng et al., 2016a, 2016b;
Zhou et al., 2016). Pb-CeO, was found to be an active catalyst and it
enhanced the photocatalytic reduction of cationic and anionic dyes
under visible irradiation at room temperature and atmospheric pres-
sure (Shajahan et al., 2020).

The removal of such heavy metals from aqueous solution has been
conducted using various techniques such as chemical precipitation, ion
exchange, electroflotation, membrane filtration and reverse osmosis
(Gunatilake 2015). All these methods generally have demerits and
these include improper adsorption removal, high cost, high energy
demands, and they also lead to the generation of toxic sludge which
is undesirable. Hence there is a need to develop eco-friendly methods
to reduce waste and eliminate heavy metals with lower concentration.
The most popular technology used for heavy metal removal is the
adsorption method, which is easy, convenient, and has demonstrated
increased adsorption removal efficiency (Luisa Cervera et al. 2003;
Santos Yabe and de Oliveira, 2003). Hence, mostly low cost adsorbents
have been used to increase the adsorption efficiency of lead with less
concentration (Zhu et al., 2018; Yang et al., 2019). The low cost adsor-
bents used included apricot stone activated carbon, peat moss-derived
biochar, Gingelly oil cake and cactus (Opuntia ficus indica) cladodes
which gave enhanced the adsorption capacities which corresponded
to 111.11 mg/g, 81.3 mg/g, 105.26 mg/g, and 98.62 mg/g (Barka
et al., 2013; Lee et al., 2015; Nagashanmugam and Srinivasan, 2010).

However, this method depends on the type of adsorbents used
(Wang et al. 2019; Zheng et al., 2018). Other adsorbents which have
been used include zeolites, clays, activated carbons, carbon materials,
metal oxides, and modified nanoparticles (Bee et al., 2011; Guerra
et al., 2008; Venkatesan et al., 2014; Zhang et al., 2011). Nanoparticles
were explored as adsorbents due to their unique properties such as
large surface area, large pore volume, better pore size, easy surface
functionalisation and easy modification. Therefore, modified nanoma-
terials can enhance the removal of metal ions because of electrostatic
interactions between the adsorbent and metal ions (Hua et al., 2012;
Madrakian et al., 2013a). However, these show low adsorption capac-
ities for metal ions without supporting agents (Mahdavi et al., 2013,
Mahdavi et al., 2012). Hence, metal oxides were capped with different
capping agents such as walnut shell, 1,5-diphenyl carbazon, CNT/

Al,O3;, CNT/MnO,, Polypyrrole-Polyaniline/Fe;04 and ZnO@ Chi-
tosan core/organically shell nanocomposite (ZOCS), which increased
the adsorption capacity and resulted in better removal of heavy metal
ions (Hsiech and Horng, 2007, Mahdavi et al., 2015; Wang and
Ariyanto, 2007). Recently, chitosan and organic materials were modi-
fied with magnetic and titanium oxide nanoparticles to improve
adsorption capacity (Salam et al., 2011; Madrakian et al., 2013b).
There is however a drawback in the preparation of metal oxide
nanoparticles due to high cost and high toxicity.

Therefore, there is a growing interest in using low cost and easily
available materials for the adsorption of metal ions. Various types of
agricultural waste materials like rice husk, sugarcane bagasse, sawdust,
brazil nutshell, grape stack, mango peels and coconut copra meal have
been used as adsorbents for the removal of lead and other heavy metal
ions from wastewater (Mdoe, 2014; Meepho et al. 2018). Recently, it
was reported that functional groups such as carboxyl, hydroxyl, phos-
phate, thiol and amine groups which are present in agricultural waste,
biomass play an important role in the binding of heavy metals. These
functional groups are bound with the metal through ion exchange by
transferring hydrogen ions or through the complex formation by shar-
ing an electron pair (Farooq et al., 2010). Most of these agricultural
materials showed superior adsorption capacities when compared to
granular activated carbon (Das et al., 2012; Ntuli and Hapazari, 2012).

Carbon dots (CDs) supported metal oxide nanoparticles which
were obtained from fruit and vegetable waste materials such as orange
peels, banana peels, cabbage waste, and lemon peels have demon-
strated advantages such as biocompatibility, non-toxicity, photolumi-
nescence and environmental friendliness (Sagar et al., 2018; Shi
etal., 2019; Cruzet al., 2017; Liu et al., 2015). In addition, the different
functional groups found in C-dots such as carbon, oxygen, and other
heteroatoms vary significantly and can strongly interact with metal
oxide nanoparticles (Fernandes et al., 2015).

Banana is a source of vitamin B6, fibers, potassium, magnesium
and vitamin C which play an important role in human health such
as digestion and weight control (Bertoia et al., 2015; den Besten
et al., 2013). Furthermore, banana including the peels is rich in C,
0O, and H which are mainly found in functional groups such as hydro-
xyl and carboxylic groups on the surface of carbon dots. These func-
tional groups contribute to improving water solubility and enhancing
luminescence (Bourlinos et al., 2015; Xu et al., 2015).

Metal oxide nanoparticles represent a field of materials chemistry
which attracts considerable interest due to the potential technological
applications of these compounds. The impact of using these materials
in fields such as medicine, information technology, catalysis, energy
storage and sensing has driven much research in developing synthetic
pathways to such nanostructures (Corr, 2012). Today metal oxides
are used as labeling agents and have attracted many researchers in
the domain of fingerprints. These include metal oxides such as SiO,,
SnO,, ZnO and CeO, (Moret et al., 2016; Qin et al., 2013; Peng
et al., 2016a, 2016b; Rohini et al., 2017). Among them Al,O; is one
of the most important and extensively used ceramic materials as an
adsorbent for water and wastewater treatment, catalysts or catalyst
supports for chemical reactions, electrical insulators, structural com-
posites for spacecraft, abrasive, thermal wear coatings and membrane
applications (Sharma et al., 2010; Srivastava et al., 2011; Yalamag
et al., 2014; Cai et al., 2015). Al,O3 nanoparticles are cost-effective
nanomaterials possessing high surface area as well as mechanical
strength, and they have exceptional chemical stability towards high
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temperatures and harsh conditions such as the abrasive environment.
Furthermore, they possess low electrical conductivity (Bala et al.,
2011; Mukherjee et al., 2011).

After these nanomaterials are used as adsorbents they are either
discarded in the environment leading to secondary pollution or regen-
erated for use (Zwain et al., 2014). Once the metal is recovered from
the adsorbent’s surface, the problem of how to get rid of the spent
adsorbent needs to be considered. The metal ion attached on the adsor-
bent also creates disposal problems as it is a hazardous material. This
approach leads to the problem of huge deposits of spent adsorbents
within a short period of time and the financial cost in pre-treating
the solid waste before disposal (Omorogie et al., 2016). To date little
work has been conducted on the reuse of these spent adsorbents after
they have been applied in the removal of the desired pollutants. Hence,
this means the development of a method to reuse the adsorbed metal is
still a challenge. Developing a reuse application for the heavy metal
loaded adsorbent is crucial since this will avoid secondary pollution.
Such metal-loaded adsorbents can be reused as cement additives and
anti-bacterial applications.

Additionally, it could also be useful in real life issues such as crime
scene investigations, in which latent fingerprint detection (LFP) is an
essential tool which is used to provide evidence against criminals in
a court of law (Basavaraj et al., 2017; Li et al., 2016a, 2016b). The fin-
gerprint image shows different features such as ridge and furrow pat-
terns. Two fingerprint images do not show similar features at crime
scenes and are classified into three types namely patent, plastic and
latent fingerprints. Fingerprint patterns are obtained from different
substrates on contact with paint, ink and blood to obtain clear finger-
print images. Plastic fingerprints have been observed on smooth sur-
faces such as clay, wax and wet paint. LFP images do not readily
show the image and ridge detail and this requires chemical processes.
The physical evidence of LFP detection depends on the use of finger-
print powder materials to produce variation between the sweat of
the fingerprint and substrate (Niu et al., 2015). In this sense, nanopar-
ticle powders have the advantage of high surface area, good lumines-
cence, reduced background, nontoxicity, good stability, eco-
friendliness and also electrostatic forces between the positive charges
of fingerprint sweat and negative charges of nanoparticles for the
development of LFP (Chen et al., 2016; Cantu, 2001).

For instance Aluminum oxide based nanoparticles were also used
for the investigation of LFP detection because these are good labeling
agents and minimize the background interference. Modifiers such as
natural dyes, organic groups and metal ions on aluminum oxide
nanoparticles were reported to improve LFP detection. Such materials
also present the advantages of less background interference, high visi-
bility and better adherence on oily compounds of fingerprint residue
with different substrates (Kim et al., 2016; Das and Shama, 2016). Dif-
ferent common powders and some fluorescent powders were used to
develop fingerprint images with ridge details (Song et al., 2012). The
powder dusting method was found to be a suitable and better method
for improving latent fingerprint detection (Champod et al., 2016). The
LFP residue contains different compounds such as sweat, amino acids,
proteins, lipids, creatinine, choline, and lactic acid (Sodhi and Kaur,
2016). The selection of the powder dusting method is an important
aspect of the development of fingerprint images and viewing ridges
under daylight conditions in the sense that the powder is also easily
bound with organic compounds.

To our best knowledge, there are no literature reports on the reuse
application of latent fingerprint detection after adsorption of lead or
other metal ions on adsorbents. This present work therefore aimed
at preparing carbon dots supported on an aluminum oxide nanofibers
nanocomposite for the removal of lead ions from aqueous solution and
explored the reuse of the lead ions loaded adsorbent for latent finger-
print detection. The carbon dots were synthesized from banana peel
waste using a hydrothermal method. Al,O3;NFs were prepared from
aluminum isopropoxide by a sol-gel method. CDs/AL,O;NFs
nanocomposite was prepared by the adsorption method. Then CDs/
Al,O;NFs nanocomposite was used for lead ion removal with batch

experiments setup and also optimized of various process parameters
like initial pH, contact time, adsorbent dose and initial metal ion con-
centration. Then, lead ion loaded on Pb2+—CDs/A1203NFs nanocom-
posite adsorbent was used for latent fingerprint detection by the
powder dusting method.

2. Materials and methods

2.1. Materials

Banana peels waste from bananas, which were purchased from
a retail market in Johannesburg, South Africa, was used to
prepare the carbon dots. Aluminum isopropoxide (CoHjy;-
AlO3), Cadmium(IDnitrate tetrahydrate (Cd(NO3),-4H,-
O > 98%), Nickel(Il) nitrate hexahydrate (Ni
(NOs),-6H,O > 98%), Copper(IDnitrate trihydrate (Cu
(NO3),:3H,O0 > 99-104%) and Manganese(I) chloride
tetrahydrate (MnCl,-6H,O > 98%) from Sigma Aldrich
(South Africa). Lead(II) nitrate (Pb(NO3), > 99%) purchased
from Merck (South Africa), KBr, NaOH (>99.9% grade),
HCI, Ethanol and Dialysis cellulose membranes 12,000 MW
were purchased from from Merck (South Africa). Ultrapure
de-ionized water (resistivity > 18.5MX cm) was used to pre-
pare the working solutions and was obtained from water
purification systems (Milli-Q, Millipore). Solvents and other
chemical compounds have been purchased from Sigma-
Aldrich and were of reagent grade.

2.2. Preparation of CDs by hydrothermal method

The banana peels from bananas purchased from a retail
marked in Johannesburg, South Africa were washed with
water several times to remove ash and other contaminants.
After some time, the banana peels were washed with distilled
water until the dust was removed. The washed banana peels
were cut into pieces and transferred into a beaker which was
then dried in an oven at 80 °C for 12 h. The dried peels were
ground and stored in 50 mL plastic vials. Carbon dots were
synthesized using 2.0 g of banana peels which was mixed with
50 mL of deionized water and stirred for 30 min to homogenize
the mixture. This mixture was then transferred into an auto-
clave reactor which underwent hydrothermal treatment at
180 °C for 12 h. The solution obtained after hydrothermal
treatment was centrifuged and the supernatant liquid was dia-
lyzed and later freeze-dried as shown in scheme 1.

2.3. Preparation of Al,O3NFs by using Sol-gel method

Aluminum oxide nanoparticles were synthesized using 1.02 g
of aluminum isopropoxide mixed with 50 mL of ethanol,
10 mL of water and 2.5 mL ammonium hydroxide. The solu-
tion was stirred for 24 h and then centrifuged. The collected
Al,O5 was then calcinated at 550 °C for 5 h. After calcinations,
the Al,O;NFs were crushed into a fine powder. The synthesis
of Al,O;NFs is summarized as shown in Scheme 2.

2.4. Preparation of CDs|Al,O3;NFs nanocomposite by
adsorption method

The CDs/Al,O3NFs nanocomposite was synthesized using
CDs powder (15 mg) and Al,O;NFs (100 mg) dissolved into
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20 mL of deionized water (H,O) while stirring at room temper-
ature for 24 h. Then the solution was centrifuged and CDs/Al,-
O;NFs nanocomposite was collected, dried and crushed into a
powder. The preparation processes are shown in Scheme 3.

2.5. Characterization techniques

FT-IR spectrum of Carbon-dots, Al;O3 nanofibers and CDs/
AlL,O3NFs nanocomposites was analyzed by (Perkin Elmer,
USA) Bruker Vertex 70 FT-IR Spectrometer (2:100 adsorbent:
KBr ratio) within a range of 4000-400 cm ! to identify func-
tional groups. A Remi Orbital Shaker was used for the agita-
tion of the solutions, Shimadzu UV-1208 model UV-visible
spectrophotometer (Japan) was used for UV-Visible analysis.
The size of CDs, Al,O;NFs and CDs/Al,O;NFs nanocompos-

OH. % OH
COOH= CD?&OOH

‘oH OH
OH, 9 OH
" m®H o, 1

COOH®$ CDs/\'s%OH

Schematic diagram of synthesis of CDs from banana peel by hydrothermal method.

ite were determined using Transmission Electron Microscopy
(TEM) (TEM JEOL, JEM-2100F) with an electron accelerat-
ing voltage of 90 kV. The morphology and elemental compo-
sition of the nanomaterials were investigated using a
Scanning Electron Microscope (Tescan, Vega SEM) at the
electron acceleration voltage of 20 kV with carbon coating
for image quality. XRD (Panalytical X-PertPro X-ray Diffrac-
tometer with Philips PW1729 diffractometer with working sys-
tems of Cu Ka radiation (A = 1.5406 A) operating at 45 kV
and 40 mA)). Raman spectroscopy was used to identify the
stretching vibration modes of nanoparticles with an operating
system of PerkinElmer Spectrum with two spectrometers at a
laser excitation line of 532 nm. A zeta sizer (Malvern) was used
to find the stability and charge of the synthesized nanocompos-
ite. Size distribution and zeta potential measurements of the
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Scheme 2 Schematic diagram of synthesis of Al,O3;NFs by using Sol-gel method.
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Scheme 3  Schematic diagram of CDs/Al,O3NFs adsorbent by adsorption method.

CDs were conducted using a Malvern Zetasizer Nano ZS 90. after adsorption (Shimadzu, Japan) at a wavelength of
Inductively coupled Plasma Optical Emission Spectrometer 221.10 nm at 0.5 mL/min pump speed. Argon gas was used
(ICP-OES) was used to determine the Pb>* ions concentration to generate the plasma. The pH measurements were conducted
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with an OHAUS Corporation starter 2100 (USA) used to
adjust the pH of the solution. The latent Fingerprint images
and fluorescence images were captured under normal visible
light using a phone camera.

2.6. Batch adsorption studies

Pb>" ions removal test solutions were prepared from the stock
solution. Adsorption studies were conducted in triplicate in
plastic containers using 20 mL of 20 mg L™! Pb?>* ions solu-
tion at pH 6.0 + 0.2 and 0.2 g of adsorbent, followed by shak-
ing in a thermostatic water bath shaker at 200 rpm for 5 h. The
pH influence was established by varying the initial pH (1-10)
using 20 mg L™" of Pb>" ions solution. The pH adjustment
was conducted using 0.1 M HCl and 0.1 M NaOH solution.
The amount of lead adsorbed onto CDs/Al,O3;NFs nanocom-
posite was calculated by using mathematical mass balance
equation as shown in Egs. (1) and (2).

(Co — Ce) |4

g =l (1

where ge (mg g~ ') and ¥ (L) denote the equilibrium amount of
Pb>" ions per unit mass of adsorbent and the solution volume,
respectively.

Cy—C,

0

Removal efficiency (%) = x 100 (2)

C, is the metal concentration in solution at equilibrium; Co
is the initial concentration, v is volume of solution in liter and
m is the mass of adsorbent in grams.

A comparative study was conducted to comprehend the
adsorption accomplishment and adsorption mechanism. To
accomplish this, adsorption isotherms were investigated at
pH 6.0 £+ 0.2 for different temperatures (25 °C, 30 °C,
35 °C and 40 °C) with initial Pb>" ions concentration rang-
ing from 10 to 80 mg L™ and 0.2 g adsorbent dose. The
experiment was conducted in triplicate. The isotherm data
associated with the adsorption process were used to deter-
mine the thermodynamic parameters such as Gibbs free
energy (AG®), enthalpy (AH°) and entropy (AS°) change.
Adsorption kinetics is essential for the prediction of the rate
and modeling of water treatment systems. This was studied
using 20 mL solutions of different initial Pb*>* ions concen-
trations (10, 20, 40 and 80 mg L") at 25 °C, 0.2 g adsorbent
dose and pH 6.0 £ 0.2 for 0 to 300 min shaking. The adsorp-
tion capacity of the adsorbent (qt) at time t was obtained
using Equation (3):

(Cv — Cf) v

m

t

(3)

where g7 (mg g~ ') and C, (mg L") represents the quantity of
Pb>" ions taken up per unit mass of adsorbent and the concen-
tration of Pb>* jons at time t, respectively.

2.7. Effect of competition ions

The effect of competing ions is crucial in adsorption studies
because no single ion is found alone in natural water bodies.
Therefore it was important to check the influence of other
divalent ions on the binding site of CDs/Al,O3;NFs nanocom-
posite with above-mentioned method. This was achieved by

dissolving precursor salts of the selected ions (Cd**, Cu?™,
Mn?", Ni?*, Zn®") together with Pb*" ions at 0, 10, 20
and 40 mg L™ concentrations in deionized water. The resul-
tant solutions were agitated on a water bath shaker using the
optimized adsorbent dose at pH 6.0 £ 0.2 for 5 h followed
by analysis for the residual Pb>" ions.

2.8. Stability and reusability studies

This desorption study was brought out with 0.1 M of HNO;
solution. 0.5 g of Pb>" ijons loaded on CDs/Al,O;NFs
nanocomposite after adsorption was dried in the hot air oven.
After that CDs/Al,O3;NFs nanocomposite was mixed into
50 mL of HNOj; solution and shaken in a shaker at 25 °C
for 24 h. Then mixture was collected by using centrifuge at
6000 rpm for 10 min and get CDs/Al,O3;NFs nanocomposite.
The quantity of desorption of Pb>* jons was investigated from
the amount of Pb>* ions in aqueous solution.

2.9. LFP detection with Pb>"-CDs/Al,O;NFs adsorbent by
physical method

Fingerprint detection was carried out using the dusting
method with reusable lead loaded adsorbent of Pb?*-CDs/
AlL,O3NFs nanocomposite detecting powder. Firstly, finger-
print donors cleaned their hands with detergent and dried
their hands in air. Then the fingers were smoothly rubbed
on foreheads and nose and then the thumb impression was
applied on various porous and non-porous substrates. Then
the labeling powder of Pb**-CDs/Al,O;NFs nanocomposite
on dispersed on the fingerprint and the excess labeling pow-
der was cleaned with a squirrel brush. The fingerprint images
were captured by a Hisense Phone camera under normal
light.

3. Results and discussion

3.1. XPS analysis

XPS measurements were performed to determine the surface
elemental characteristics of CDs/Al,O3;NFs nanocomposite
(Qin et al., 2018). Fig. 1(A) shows the XPS spectra of
CDs/AlLOsNFs nanocomposite which clearly revealed the
presence of Al, C and O. Energy bands at 75 eV, 121 eV,
285 eV and 531 eV corresponded to Al 2s, Al 2p, C Is and
O 1s core levels respectively. Fig. 1(B) depicts the deconvolu-
tion of the Ols core-level spectrum producing six peaks at
531.25, 532.35, 533.09, 533.86, 534.30, and 534.37 eV corre-
sponding to AlI—OH, C—0O—Al, C=0, O—C=—0O and
C—0O—C/C—OH (Zhang and Chen, 2014). Fig. 1(C) shows
the deconvolution of the Cls core-level spectrum producing
5 peaks at 284.69, 289.14, 290.52, 291.92 and 292.89 eV cor-
responding to C—0O, C—C, O—C—0O, C=C and C=0
(Valdesueiro et al., 2016; Toledo et al., 2018). Fig. 1(D)
shows the deconvolution of the Al spectrum, where the Al-
OH peak which formed at 77.79 eV revealed the origin of
the oxygen peak observed in the wide scan spectrum and
Al 2p at 120.61 eV formed from Al,O3;NFs. Furthermore,
the peaks revealed at 120.27 and 122.34 eV corresponded
to Al 2p3’/2 and Al 2p|//2_
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3.2. Surface morphology analysis

The SEM images of Al,O;NFs were displayed at different
magnification as shown in (supporting information Fig. S7
(A-D)). The Al,O;NFs sheet and particles were observed at
a low magnification at 200 pM as shown in (supporting infor-
mation Fig. S7(A)). The mixing of particles with sheets mor-
phology was recorded at magnification 100 uM as shown in
(supporting information Fig. S7(B)). The sheets with crushed
particles were clearly indicated at a high magnification of
50 pM with different focus areas as shown in the (supporting
information Fig. S7(C&D)). Surface space morphology and
the microcrystalline nature of the nanoparticles were charac-
terized by SEM. Fig. 2(A-C) shows the SEM images of
CDs/AlLOsNFs nanocomposite with various magnifications.
The CDs were mixed with Al;O;NFs sheets and particles at
low magnification 100 pM as shown in Fig. 2(A). The white
particles of CDs were clearly deposited on the Al,O;NFs at
high magnification as shown in Fig. 2(B). The CDs were
coated on Al,O;NFs with clear images at higher magnification
20 uM as shown in Fig. 2(C). Fig. 2D shows the percentage of
elemental composition of CDs/Al,O3;NFs nanocomposite
determined by EDAX. Fig. 3(A-F) shows the (A) mapping
image of Pb®>*-CDs/AL,O;NFs nanocomposite at 25 pum, (B)

(A-D) XPS spectra of CDs/Al,O3NFs nanocomposite (A) Survey spectrum and Fitting curve of (B) O 1s, (C) Cls and (D) Al.

Al, (C) C, (D) O, (E) Pb*" ion and (F) SEM image of
Pb”>"-CDs/Al,O;NFs nanocomposite at 10 pum. The above
data confirmed the binding of Pb>* ions after adsorption on
the surface of CDs/Al,O3;NFs nanocomposite.

3.3. Transmission electron microscopy characterization

The size and shape of Al,O3;NFs were determined by TEM
with corresponding images were observed at different magnifi-
cation 200 nm, 100 nm and 50 nm as shown in (supporting
information Fig. S§(A—C). The compact nature of Al,O;NFs
was recorded at low magnification of 200 nm as shown in (sup-
porting information Fig. S8(A)). The network of Al,O;NFs
image was clearly observed at a high magnification of
100 nm as shown in (supporting information Fig. S§(B). The
highest magnification of 50 nm gave better images of Al,Os-
NFs as shown in Fig. S§(C). The TEM images indicate that
the AlLO3;NFs was obtained at 500 °C due to the alumina
nanofibers consisting thermal stability materials (Zhang
et al., 2016a, 2016b; Li et al., 2016a, 2016b; Lu et al., 2012).
Fig. S8(D) shows the specific diffraction patterns which indi-
cate the crystallinity of the Al,O3 nanofibers as shown by the
white ring on SEAD image. The synthesized CDs were also
subjected to TEM analysis and its images are shown in
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Fig. 4(A-D). At a low magnification of 200 nm, CDs was dis-
played merged images as shown in Fig. 4(A). The dots and
spherical shape of CDs were observed at a higher magnifica-
tion 100 nm as shown in Fig. 4(B&C). The highest magnifica-
tion of 50 nm, showed the spherical image of CDs as shown in
Fig. 4(D). The average size of CDs (51.18 nm) was calculated
from plot of diameter vs frequency as shown in Fig. 4(E). This
result correlated with the XRD patterns of CDs (Zhang et al.,
2016a, 2016b; Alam et al. 2015; Prabakaran and Pillay 2020).
Fig. 5(A-D) shows the TEM images of the CDs/Al,O3;NFs
nanocomposite at magnifications of 200 nm, 100 nm and
50 nm. CDs coated on Al,O3NFs were observed at low magni-
fication as shown in Fig. 5(A). The black dots indicate that
CDs were deposited on AlLO;NFs and this image was
observed at a high magnification of 100 nm as shown in
Fig. 5(B). The CDs coated on Al,O;NFs were clearly displayed
at the highest magnification 50 nm and also CDs on Al,O;
NFs are marked with yellow circles as shown in Fig. 5C.
The TEM images confirmed that the CDs were coated on
AL,O3NFs (Liu et al., 2013). The bright circle observed on
the SEAD patterns was due to the increase in the crystallinity
of Al,O; NFs as shown in Fig. 5D.

(A-D) SEM images of CDs/Al,O;NFs nanocomposite at different magnifications of (A) 100 pM, (B) 50 uM, (C) 20 uM and (D)

3.4. Batch adsorption studies

3.4.1. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of Pb?"
from aqueous solution (20 mg L™'), was studied by varying
the adsorbent mass from 0.1 g-0. 6 g at pH 6 with a contact
time of 6 hr as shown in Fig. 6A. The percentage removal of
Pb>" increased with increasing adsorbent dosage and rapidly
dropped at 0.30 g due to more masses of the adsorbent CDs/
AlLO;NFs nanocomposite in lower concentration of Pb*>* ions
solution. It was observed that the maximum percentage
removal of Pb(II) occurred at 100% at 0.2 g because of the
number of binding sites available and optimum dosage of
CDs/Al,O;NFs nanocomposite as shown in Fig. 6A. Further,
increases of adsorbent dosage corresponding to masses of
0.4 g, 0.5 g and 0.6 g only slightly increased the percentage
of removal of Pb>" ions due to the number of ions bound to
the adsorbent and the number of free ions remains constant
as shown in Fig. 6A. This data showed that the optimum
dosage of CDs/Al,O3;NFs nanocomposite adsorbent at
0.20 g with 100% maximum removal percentage.
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(A-F) Elemental mapping for Pb?*-CDs/Al,0;NFs nanocomposite (A) mapping image at 25 um, (B) Al, (C) O, (D) C, (E) Pb>*

ions and (F) SEM image of CDs Pb**-CDs/Al,0;NFs nanocomposite at 10 pm.

3.4.2. Effect initial concentration of Pb°*ions

Fig. 6B shows the dependence of the adsorption process of
Pb>" ions adsorption on different initial concentration from
0 to 80 mg L' with CDs/Al,O;NFs nanocomposites. The
experiments were achieved using 20 mL of Pb>" ions solution
with different initial concentrations as mentioned above at pH
6 for CDs/AlL,Os;NFs nanocomposites. The percentage of
adsorption removal was increased with increasing concentra-
tion of Pb?>* ions from 0 to 20 mg L™" and removal of Pb>"
ions decreased with higher concentration of 30-40 mg L™" as
shown in Fig. 6B. At lower concentration of Pb%" ions, the
number of Pb>* ions which are available in the solution is less

as compared to the available sites on the adsorbent. However,
at higher concentrations, the available sites for adsorption
become fewer and the percentage removal of Pb>" ijons
depends on the initial concentration. The maximum percent-
age removal of Pb>" ions was obtained at 20 mg L™! with
100% for CDs/AlLOsNFs nanocomposite as adsorbents as
shown in Fig. 6B.

3.4.3. Effect of pH

Different pH (1 to 9) of the Pb>" solutions was investigated
for maximum removal efficiency of CDs/Al,O3;NFs nanocom-
posite as shown in Fig. 6C. The highest percentage removal of
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Pb>" ion was observed at pH 6.0. In the acidic range Pb?"
ions compete with H' ions for active adsorption sites on
CDs/Al,O3NFs nanocomposite (Igbal et al., 2013; Reddy
et al., 2012). Lower removal percentages were noted at higher
pH (7 to 9) because of the precipitation of Pb(OH), from Pb>"
ions and the negative surface charge of CDs/Al,O3;NFs
nanocomposite. pH 6.0 was therefore identified as the opti-
mum pH for the adsorption activity of CDs/Al,0O;NFs nan-
composite as shown in Fig. 6C. The CDs/Al,O3NFs
nanocomposite has exhibited a higher point of zero charges
because of CDs coated on AlLO3;NFs and also increases
adsorption of the capacity of Pb?>* ions. Above pH 5.5 of there
is increased adsorption of Pb>" ions because of electrostatic
interactions of the negative charge of CDs/Al,O3;NFs

(A-E) TEM of CDs at (A) 200 nm, (B & C) 100 nm, (D) 50 nm and (E) Histogram plot of particles size distribution.

nanocomposite and positive charge of Pb>" ions. Below pH
5.5 the adsorption of Pb>* ions was not significant due to
the electrostatic repulsion of the positive charge of CDs/Al,O5-
NFs nanocomposite and positive charge of Pb>* ions.

3.4.4. Effect of contact time

Effect of contact time was used to determine the adsorption
capacity of the CDs/Al,O;NFs nanocomposite at different
time interval ranges of 60 to 360 min as shown in Fig. 6D.
The experiments were carried out using 20 mL of Pb>* jons
with 20 mg L™! of CDs/Al,O;NFs nanocomposite at pH 6
with an agitation speed of 200 rpm at room temperature.
The rate of adsorption of Pb>" ions by the CDs/Al,O;NFs
nanocomposite was 90% within 60 min. Then adsorption
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Fig. 5

decreased and increased again. The equilibrium time was
observed at 300 min. The maximum percentage removal of
Pb>" ions by CDs/AL,O;NFs nanocomposites was 99.87%.

3.4.5. Adsorption isotherm studies

The sorption characteristics were assessed by plotting both the
Langmuir and Freundlich isotherms. The Langmuir adsorp-
tion isotherm study was evaluated the absorption efficiency
of CDs/Al,O3NFs nanocomposite as per the following Lang-
muir Egs. (4) and (5) given below.

c, C 1
el 4
4. 4. bq, “)

Eq. (3) above can be represented as:

1L 1
9. bg.c. q,

(5)

where C, (mg L") is the equilibrium concentration, ¢, (mg
¢~ ") is the adsorption amount in equilibrium, go is the maxi-
mum adsorption amount, and b is the Langmuir constant
related to adsorption capacity and energy of adsorption. For
the Langmuir isotherm, 1/ge is plotted against //C, as shown
in (supporting information Fig. S9(A)). The maximum adsorp-
tion capacity qm for Pb?* jons was found to be 14.28 mg g~ at
25 °C. In order to determine whether adsorption was favorable

(A-D) TEM images of CDs/Al,O;NFs nanocomposite (A) 200 nm, (B) 100 nm, (C) 50 nm and (D) SAED pattern.

or not, the dimensionless factor r was considered and it can be
calculated as described in Eq. (6):
1

"= (1 + b.Co) (6)
where b is the Langmuir's constant and ¢ is the initial concen-
tration of Pb?>*. The calculated value of separation factor +at
different initial concentration was found in the range of —0.06
to —10. If the value of r is less than 1, the adsorption is favor-
able; if r is greater than 1, the adsorption is not favorable; and
r is 0 the adsorption is irreversible (Sen et al., 2010; Igbal et al.,
2009). Based on this, the adsorption in this study was favor-
able since r found was less than 1.

The multilayer adsorption isotherm of CDs/Al,O3;NFs
nanocomposite was determined by the Freundlich adsorption
isotherm. The Freundlich’s equation can be written as Eq. (7)

1
logg, = logKy +- logC. (7)

where K, is the Freundlich’s constant related to bisorption
capacity and n is the Freundlich’s constant related to bisorp-
tion intensity. The biosorption intensity # can be used as fol-
lows. If n = 1 is linear adsorption, if n < 1, the adsorption
is a chemical process and if n > 1, adsorption is a physical pro-
cess (Ali and Gupta, 2006). The value of n was less than 1
which was obtained from slope of plot log ge is plotted against
logC, as shown in (supporting information Fig. S9(B)). This
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(A-D) (A) Effect of dosage and (B) effect of concentration using 0.2 g CDs/Al,O;NFs nanocomposite, 20 mg L' of 20 mL Pb>"

solution, at 25 °C; pH 6, for 5 h at 200 rpm, (C) Effect of pH using 0.2 g CDs/Al,OsNFs nanocomposite, 20 mg L™' 20 mL of Pb>*
solution, pH 1 to pH 9 at 25 °C for 5 h at 200 rpm and (D) Effect of contact time using 0.2 g CDs/Al,O;NFs nanocomposite, pH 6, 20 mg
L~! of 20 mL Pb>" solution, at 25 °C for 60 to 360 min at 200 rpm. Error bars correspond to standard deviation of triplicate

measurements.

Table 1 Adsorption isotherm models parameter for adsorp-
tion of Pb?" ions by CDs/Al,O;NFs nanocomposite at 25 °C.

Langmuir isotherm

Freundlich isotherm

qm (Mg[g) 14.28 Kr (L/g) 177.83
B (L/g) 1.4 x 1073 n 0.59
r value 0.90-0.99 R’ 0.98
R’ 0.96

Dubinin—Radushkevich Temkin isotherm

B (moF|Kf’) 2.76 x 1078 By 0.29
qm (Mglg) 1.13 Kr (L/g) 3.682
R’ 0.91 R 0.86
Toth isotherm

K, (mg/g) 3.09

a, (Limg) 3.36

R’ 0.80

parameters were summarized as shown in Table 1. It was
observed that the adsorption followed Freundlich model since
it had a better correlation than Langmuir model. Further,
maximum bisorption capacity range of (177.83 mg g~') CDs/
Al,O3NFs nanocomposite was compared with other adsor-
bents as shown in Table 2.

Dubinin—Radushkevich (D-R) Isotherm

Dubinin—Radushkevich (D-R) isotherm model was fitted to
the adsorption data as shown in the supporting information
Fig. S9(C). This clearly depicts the adsorption process and also
calculates the mean free energy of the adsorption method
(Hutson and Yang, 1997). The linear form of the D-R iso-
therm is given by Eq. (8)

value was also evident from chemical adsorption processes.
And also Langmuir and Freundlich adsorption isotherm

D — R Inge = Inq,, — bé*

1
&= RT In[l +—]

e

(8)
©)
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Table 2 Comparative evaluation of Pb>* ions adsorption capacity of CDs/AlLO;NFs
nanocomposites with other reported adsorbents at 25 °C.

Adsorbent Isotherm Maximum adsorption References
Model capacity (mg g ")
Fe;04, ZnO, and CuO Freundlich 30.310, 50.00, 2.95 Mahdavi et al.,
nanoparticles isotherm 2012
CNT/MnO, Langmuir 82.6 Wang and
Ariyanto, 2007
CNT/AL,O4 Langmuir 67.11 Hsieh and
Horng, 2007
Polypyrrole-Polyaniline/Fe;O4 Langmuir 243.9
ZnO@Chitosan core/organically Langmuir 476.1 Saad et al., 2018
shell nanocomposite
CDs/Al,O;NFs nanocomposite Freundlich 177.83 Current work
isotherm

From the adsorption equation of (8) and (9), where kp and
¢ are D-R constant (mol® kJ=%) and D-R isotherm constant,
respectively; R and T are the gas (8.314 x 107 kJ mol ™
K™!) and temperature (K) constant, respectively and g is
the saturation capacity (mg g~ '). The parameter was obtained
by the linear plots of In g vs. €2. The mean free energy, E (kJ
mol™") is obtained from kp and is expressed as follows:

1
E=— 1
e 1o
Hereby, the mean adsorption energy was found to be
4.257 kJ mol~!. This amount (E), obtained from the D-R
model, is useful for it provides us with information about
the mechanisms of adsorption process. If the E value is
between 8 and 16 kJ mol™', the type of adsorption process is
chemical; however, if £ < 8 kJ mol™!, the process occurs
physically.

Temkin isotherm

The Temkin isotherm was also applied for the linear fit of
adsorption experimental results just like the Langmuir and
Freundlich equations as shown in (supporting information
Fig. S9(D)). This Temkin isotherm was fitted to explain the
interaction of the adsorbent and Pb>" adsorption and also is
dependent on the free energy of adsorption with adsorbent sur-
face coverage (Saruchi, 2019). Temkin isotherm linear model
was described with Eq. (8)

Temkin ¢, = B Inkr+ B InCe (11)

where Temkin isotherm constants B of slope and k7 of inter-
cept (kJ mol™") were obtained from plot of ¢, versus inCe.
Temkin parameters are given in Table 3.

Toth adsorption isotherm

The Toth isotherm describes the site affinities and is based
on the Langmuir adsorption isotherm as shown in (supporting
information Fig. S9(E)). The Toth isotherm linear equation is
given below

In(g,/k,) = InC, — 1/tA - In(a, + C.) (12)

where the Toth model constant is K,, ge is the amount
adsorbed at equilibrium (mmol g '), and C, is the equilibrium
concentration and a is a constant for binding attraction and
accurate to adsorbate-adsorbent interaction (kPa~') and 7 is
dependent to surface heterogencous and it was lower or equal
to unity. The t value is unity and also adsorbent as homoge-
neous adsorption activity (Toth 1971). The parameters of the
Toth adsorption isotherm are shown in Table 3.

Fig. SOF(a—e) shows the fitting of experimental data for
various concentrations of Pb?" ions using the non-linear mod-
els of Langmuir, Freundlich, Dubinin-Radushkevich, Temkin
and Toth isotherm models as shown in Egs. (13)—(17) below.
These models are based on the relationship between equilib-
rium concentration and adsorption capability. These adsorp-

Table 3 Adsorption isotherm models non-linear parameter for adsorption of Pb>" ions by CDs/Al,OsNFs nanocomposite.

Parameters Langmuir Freundlich Tempkin Toth D-R
Gm(mgg™") 0.78 1.79 0.89
Ky 1.09

K 1.23

n 0.233 1.07

Kr 1.09 1.76

B 1.21

E 2.878
R’ 0.9993 0.9994 0.9989 0.9993 0.9860
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tion models separately predicted the accuracy of adsorption
activity.
Langmuir

1= 1qf§<Cc: (13)
Freundlich isotherm model

q=Ki(C)"" (14)
Tempkin isotherm model

¢ = Bin(K;C,) (15)
Dubinin—Radushkevich (D-R) isotherm

(RTIn(1 +1/C.))?

= 16
qe qmexp( _2E2 ) ( )
Toth isotherm model
qmcé‘
e = aiiin (17)
(K7 + CY)]

where Qe is equilibrium solid phase concentration (mg/g) and
Ce is equilibrium liquid phase concentration (mg/L) in all iso-
therm models. In all models, Q,, parameter is relevant with
adsorption capacity. In the Freundlich isotherm model K,
and n are isotherm parameters characterizing adsorption
capacity and intensity, respectively. In the Langmuir equation
K; and a; are the Langmuir constants related to the adsorp-
tion capacity and energy of adsorption, respectively. In the
D-R isotherm, E is energy of adsorption. In the Tempkin iso-
therm K7 is equilibrium binding constant (L/g), b is related to
heat of adsorption (J/mol), R is the gas constant (8.314 x 103
kJ/K mol) and T is the absolute temperature (K). Kz, is the
Toth model constant and n the Toth model exponent
O <n<l).

Fig. SOF (a—e) displays the fitting of the experimental
adsorption data with the shown isothermal equilibrium mod-
els. The capacity of adsorption was dependent upon the initial
concentration of Pb>" ions. Increased initial concentration of
Pb>" often increases equilibrium adsorption due to changes in
the mass driving force in the adsorption solution with a rise in
initial concentration. The increase in driving force was related
to the solution adsorption of Pb>" ions. The rise in the mass
driving force allows more Pb>"ions to diffuse into the adsor-
bent structure from the liquid phase, thereby resulting in
higher adsorption capacity. Sigmoidal-shaped isotherm models
were obtained with non-linear plots. This means that the acti-
vation energy for desorption of Pb*" is concentration-
dependent (Sadeghi Pouya et al., 2015; Alberti et al.,2012;
Giles et al., 1974). From the experimental results with higher
R? values, the Freundlich, Langmuir, Dubinin —Radushkevich
isotherm models were better suited than other models, and also
all model parameters are shown in Table 3. From the various
R? values reported in Table 1 and Fig S9 it was evident that the
Langmuir Isotherm Model provided the best fit to the experi-
mental data hence the adsorption process was governed by a
monolayer homogeneous adsorption.

3.4.6. Effect of competing ions

In general, several ions are present in natural and wastewater.
In this study divalent ions such as Ni>*, Cu®>*, Cd*", Mn*",
Fe’* along with Pb>" ions might compete for binding sites
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Fig. 7 (A&B) (A) Effect of competing ions and (B) Application

on real water sample onto the Pb’" with CDs/ALO;NFs
nanocomposite.

which will then interfere with Pb?>* adsorption (Zhu et al.,
2015; Fifi et al., 2013; Kosa et al., 2012). It was therefore
important to study the effect of the various above-mentioned
ions on Pb*>" ions removal efficiency by CDs/Al,O;NFs
nanocomposites. Although all these ions are divalent they all
interact with different capacities at the surface of CDs/Al,O5
nanocomposites (Chigondo et al., 2018). The initial concentra-
tion of Pb>" ions was kept constant at 1 mg L~" whilst that of
interfering ions was varied from 0 to 40 mg L™! and pH
adjusted to 6, mechanism adjusted from Chigondo and co-
workers (Mubarak et al.,, 2016). The results indicate that
Cd*", Ni2*, Cu®™, Mn®", Zn*" caused a decrease in Pb>™
ions adsorption for all concentration from 0 to 40 mg L™'.
Ni** had the greatest impact on Pb>" ions adsorption
decreasing from 93.72 to 16.22% as shown in Fig. 7(A). Hence
the interference order was as follows: Ni?* > Mn?" > Cd** >
Zn*>" > Cu®". This is related to the formation of inner and
outer sphere complexes associated with the different ions.
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Although many studies in ions competing with binding sites on
a specific adsorbent were explored, there is still a lack of under-
standing the order of binding of heavy metals ions by carbon
nanoparticles coated on AlLO;NFs. Mubarak and co-
workers (2014) (Lasheen et al., 2015) studied the Removal of
Pb>" jons from Wastewater Using Carbon Nanotubes and
found that the affinity for metal ions was Cu?" > Pb>" >
Co®* > Zn®>* > Mn?", Lasheen et al. (2013) (Lenntech
2019) studied the Removal of heavy metals from aqueous solu-
tion by multiwalled carbon nanotubes and found that Pb>* >
Cu®>* > Cd®>" > Ni?". From the previous studies it can be
seen that the interference order of ions on the binding site dif-
fers from adsorbent to adsorbent which depends on the prop-
erties of the individual ions. Furthermore, the order of
interfering ions could depend on charge per radius value
(Z/R). The higher the charge to radius value, the higher the
jon is attracted to the binding site of the adsorbent. Ni**
(2/0,70) which is the same as Mn>* (2/0,70) This explained
why their interference is higher than the other ions present
as shown in figure.The trend did not continue for Cu** (2/0,
73), Zn>* (2/0, 74), Cd>* (2/0, 95). This could be explained
by some inner sphere complexation for Cd>*. Fig. 7 (A) shows
that Cu®" interferes less than the other ions present.

3.4.7. Application on industrial wastewater sample

To assess the Pb>* ions removal efficiency of CDs/Al,O;NFs
nanocomposite in industrial wastewater, a water sample from
Doornkop plant (—26.201351, 27.773653) in Randfontein,
Johannesburg, South Africa whose source is from mine and
sewage was collected and stored under cool conditions. The
pH found was 7.8 and concentration of Pb>* ions in water
was 13.97 pug L™" which falls within the range as described in
a previous report (Cao et al., 2012). The Pb>" ions concentra-
tion was spiked to a concentration of 20 mg L™' and the new
pH found was 6.61 which were then brought to it to approxi-
mately pH 6. Furthermore this prepared industrial wastewater
was brought into contact with doses of CDs/Al,O3NFs
nanocomposite ranging from 0.1 to 0.6 g in 20 mL. An increase
in adsorbent dosage resulted in rapid removal of Pb>" ions at

observed until 0.4 g dosage. Then an increase in Pb>" jons
removal followed until 0.6 g dosage. Furthermore, an increase
in Pb>" ions equilibrium concentration was observed as the
adsorbent dosage increased until 0.4 g then afterwards a
decrease in concentration equilibrium was observed as shown
in Fig. 7(B). CDs/Al,O3;NFs nanocomposites has proven to
be capable of reducing Pb>" ions level to about 15 pg L™,
value which is well below the limit of 15 mg L' as recom-
mended by EPA and WHO.

3.4.8. Adsorption mechanism of Pb°" ions with CDs/Al>O;NFs
nanocomposite

In order to understand the adsorption mechanism, pH and ion
exchange was considered. Surface hydroxyl groups are mainly
reported to be involved in the ion exchange process during
anion adsorption (Chen et al., 2012). However, such an ion
exchange mechanism does not work for cation adsorption
because cations and hydroxyl groups have opposite electric
charge. The pH of the solution at the end of the experiment
decreased after adsorption by CDs/Al,O3NFs nanocomposites
which indicated a possible mechanism by which Pb*" was
adsorbed onto CDs/Al,O3;NFs nanocomposite involved a
cations exchange of Pb>* with H. From the ionic exchange
principle, the more Pb%>" is adsorbed, the more H' ions are
released hence pH decreases. Furthermore, the point of zero
charge was considered (pHp,. = 5.5). As seen in Fig. 5G,
the adsorption is efficient at pH 2—6 with pH optimum at 6
after it sharply decreases and becomes constant. When
pH < pHp,, the surface of the CDs/Al,O3;NFs nancomposites
is more positive with protonation taking place. This leads to
Pb>" repulsion and making adsorption not favorable. Adsorp-
tion can only take place by cation exchange reaction. When
pH > pH,,. the surface of CDs/Al,O;NFs nancomposite
becomes more negative which is favorable for Pb?* adsorption
with Pb(OH), precipitating. The possible reactions are shown
below and the detailed mechanism in Scheme 4.
Ton-Exchange-reaction

_ 2+ N _ _Pbl+..
0.1 g t0 99.93% and then a decrease of Pb>* ions removal was [CDs-AlOH](y + Pb™ g [CDs-AlO-Pb]"(aq) + Hag)
Pb
Pb%* OH
OH --Pp?*
$& n 4 o
Pb2--O

570 Adsorptlon
_gou iﬁ\r
Pb2+ ions

7 AI
Pb2—-O H “ OH---Pb*
solution AL BB %
w, H 6.0 OH V. O
& \v4 o atp b OH gy
0 Pb%
aox & ol

b4 P 4

v P /A\Pb?" = OH---Pp
Pbh*--QHL Al P i CDs ADOH---Pb2*
Al

Scheme 4  Adsorption mechanism of Pb>" ions by using CDs/Al,O3;NFs nanocomposite.
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Fig. 8 Difference of the adsorption capacity of CDs/Al,O3;NFs
nanocomposite for Pb?>" jons with adsorption—desorption 6
cycles.

[CDs-AlOH),] ™ (4 + Pb** (4q) — [CDs-AI(OH),] ™ (s)----Pb>* )

3.4.9. Recycling and stability studies

Recycling and stability were tested for the removal of Pb> ™ ions
from wastewater samples with an adsorbent of CDs/Al,03;NFs
nanocomposite. The adsorption of Pb>* ions on nanocompos-
ite CDs/Al,O3;NFs was inhibited at pH < 6 when treated with
acid to regenerate the adsorbent. Therefore 0.1 M HNO; was
used for the desorption process with 6 cycles of adsorption—des-
orption. After 6 cycles of adsorption—desorption, the adsorp-
tion efficiency decreased as shown in Fig. 8. After 6 cycles,
the adsorption capacity decreased from 177.80 to 140.5 mg/g.
The removal efficiency of CDs/Al,0O3;NFs nanocomposite was
63.3% when compared to the first cycle. Thus the lifecycle of
CDs/AlL,O;NFs nanocomposite as an adsorbent is not indefi-
nitely viable and the reusability of the lead-loaded adsorbent
must be explored so as to avoid secondary environmental pol-
lution caused by disposal of the spent adsorbent. As indicated
above in this study its reusability as a labeling agent for latent
fingerprint detection was examined.

3.4.10. LFP detection by using reusable Pb° " -CDs|Al,O;NFs
nanocomposite

Reuse of the metal loaded adsorbent was conducted to avoid
secondary pollution and in trying to solve crime that the world
in general and South Africa precisely faces. Latent fingerprint

Fig. 9

(a-h) Latent fingerprints images on the different surface materials of glass slide: (a) ALO;NFs, (b) Pb*>*-CDs/Al,O;NFs

nanocomposite; aluminium foil: (c) ALOsNFs, (d) Pb?>*-CDs/Al,O;NFs nanocomposite; aluminium sheet: (¢) Al,O;NFs, (f) Pb>"-CDs/
AlLO;NFs nanocomposite; aluminium rod: (g) ALO;NPs, (h) Pb*>*-CDs/Al,O;NFs nanocomposite under daylight.
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Pb?-CDs/AlL,O,NFs
spent adsorbent

Forensic brush

1

Fingerprint Thumb
Impression

Scheme 5 LFP detection mechanisms with Pb*>*-CDs/ALO;-
NFs nanocomposite by using powder dusting method.

(LFP) images were developed on various non-porous surfaces
which include aluminium foil, aluminium sheets, aluminium
rod, and glass slide with corresponding labeling agents of
Al,O3;NFs, Pb2+-CDs/A1203NFs nanocomposite respectively,
under daylight as shown in Fig. 7(a-h). CDs/Al,O;NFs
nanocomposite gave better images than Al,O;NFs on the alu-
minium sheet as displayed in Fig. 9(f). The images in Fig. 9(a,
¢, e, g) reveals that Al,O3;NFs had fair images on the non-
porous surfaces. Based on this comparison Pb®*-CDs/
Al,O3NFs nanocomposite proved to be the best labelling agent
powder because of the well-defined images with better finger-
print ridge patterns which can be seen with the naked eye. This
nanocomposite also enhanced special properties including
higher quality images, less contrast and easy visualization of
LFP ridge patterns under daylight, as shown in Fig. 9(b, d).

3.4.11. LFP detection mechanism with reusable Pb**-CDs/
Al,O3NFs nanocomposite

Scheme 5 illustrates the mechanism of process for LFP, where
donor fingers were cleaned before any further work LFP detec-
tion was conducted by using the powder dusting method with
reusable of Pb? *-CDs/A1,O;NFs nanocomposite adsorbent as
fingerprint powder. The fingerprint residue has some kind of
oil components of amino acid, proteins and peptide. This reu-
sable Pb> " -CDs/Al,OsNFs nanocomposite was spread on the
fingerprint residue and it was strongly coordinated with oil
components to form complex and this resulted in clear finger-
print images and ridges. The extra reusable Pb>*-CDs/
Al,O3;NFs nanocomposite adsorbent was removed by a squir-
rel brush. A clear fingerprint ridge was obtained due to the
electrostatic interaction between the Pb2+-CDs/A1203NFs
nanocomposite adsorbent and oil components of the finger-
print residue. LFP images were captured by smart phone.

4. Conclusion

CDs/Al,O3NFs nanocomposite was used as an efficient adsorbent for
fast and better removal of Pb>" ions from the water samples. The
adsorption behavior was determined by using Langmuir and
Freundlich isotherm models. The maximum adsorption capacity was

suitable for Freundlich isotherm model and it was evaluated as
177.83 mg g~ at 303 K. This adsorption process was better fitted with
the pseudo-second order kinetic model than pseudo-first order. The
thermodynamic parameters of AG, and AH,, parameters showed spon-
taneous as well as exothermic adsorption processes. A reusable study
was also carried out for LFP detection with Pb?*-CDs/Al,O;NFs
nanocomposite using a powder dusting method under normal light.
This reusable nanocomposite was applied on various substrates to
develop fingerprints. This reusable adsorbent has shown good poten-
tial as a labeling agent for LFP detection in forensic studies. Hence,
once this adsorbent has reached its maximum lead loading it can be
commercialized and sold to law enforcement officials for LFP detec-
tion instead of being discarded into the environment as secondary
waste.
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