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Abstract

Purging of heavy metals like chromium and manganese from water using various adsorbents is the need of the hour
for our environment. Copper iodide nanoparticle (Cul NP) has garnered a lot of attention due to its singular physical
and chemical properties. The present study reports the of use of green synthesized Cul NP using Hibiscus rosa-sinensis
L. flower extract which contains the anthocyanin, cyanidin-3-sophoroside (acts as both reducing and capping agents)
in the removal of aqueous Cr(VI) and Mn(VIl) ions. The synthesized Cul NP was characterized and was found to be
nanocrystalline in nature, showing the presence of some surface crystal defects and having a high surface area making
it a good adsorbent with adsorption capacities of 169.5 mg/g for Cr(VI) and 200 mg/g for Mn(VIl) ions. The kinetics of
metal removal was probed. The removal of metals was also probed using Freundlich and Langmuir adsorption models.

Keywords Green synthesis - Copper iodide - Adsorption studies - Heavy metal removal - Hibiscus rosa-sinensis L. -
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1 Introduction

Nanosized particles synthesized by numerous methods
have attracted extensive attention in recent years due to
their potential use in abundant fields [1-5]. Water is one
of the predominant needs for the survival and is also one
of the abundant resources available on the earth. Even
though two-thirds of the earth is filled with water, its
scarcity is still a prevailing problem. One of the reasons
for water crisis is also due to the increasing level of heavy
metal pollution through rapid industrialization [6]. Several
industries release huge amount of toxic effluents contain-
ing heavy metals, dyes, organic as well as inorganic impuri-
ties into the nearby aquatic streams without any treatment
[7]. In recent times heavy metals are found to be one of the
major environmental pollutants, which pose a risk to the
environment [8]. Generally, high amount of Cr and Mn in

human body causes various diseases [9-12]. According to
WHO, 0.01 mg/L and 0.05 mg/L are the permissible dose of
Chromium and manganese, respectively, in potable water
[13]. Although the literature reports [14] various adsor-
bents like activated carbon, hybrid inorganic nanocom-
posites, nanocrystalline polymers, etc., in the removal of
Cr(VI) and Mn(VIl) ions in water, most of them were found
to end up in complications like solid-liquid separation,
slow kinetics, low adsorption efficiency. Therefore, there
is always a need for new, efficient and economically viable
materials in this sector.

In the past few decades, copper iodide with its out-
standing properties [15-20] has attracted many research-
ers with its applications in several fields [21-26]. Cop-
per iodide has been reported to be prepared by various
physical and chemical methods such as vacuum evapora-
tion [27], deposition [28], low-temperature solvothermal
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synthesis [29], chemical extraction [30], etc. These meth-
ods can effectively fabricate copper iodide of uniform size
and high crystalline grade, but the synthetic procedures
are not free from disadvantages, as they require toxic raw
materials, complicated synthetic steps, or high reaction
temperature. It also includes methods that make use of
chemical reducing agents which lead to environmental
and biological risk. Hence, it is necessary to explore a
clean, simplistic and environment friendly method to syn-
thesize copper iodide nanoparticles under feasible condi-
tions. Green synthesis is low cost, rapid, efficient and typi-
cally lead to the nanostructures with a variety of shapes.
Recently, many researchers have attempted to synthesize
copper iodide via green and ecologically friendly routes.
These attempts comprise the utilization of plant or fruit
extracts containing anthocyanins [31] as reducing agents,
stabilizer and capping agent [32]. The present study aims
at the synthesis of Cul NP using the Hibiscus rosa-sinensis L.
flower extract and its use in the removal of aqueous Cr(VI)
and Mn(VIl) metal ions.

2 Experimental

2.1 Preparation of Hibiscus rosa-sinensis L. flower
extract

Copper iodide nanoparticles were synthesized using
flower extract of Hibiscus rosa-sinensis L. Flowers were col-
lected from our college campus and washed several times
with distilled water. The flower petals were separated
and ground to a fine paste by adding distilled water. The
paste was further diluted using water and centrifuged. The
resultant centrifugate was used for synthesis.

2.2 Preparation of Cul NP (adsorbent)

AnalaR-Grade CuSO,-5H,0 and Kl were used without fur-
ther purification. Copper iodide was prepared using the
flower extract by a method as reported in the literature
[19].

3 Material characterization

The synthesized copper iodide was characterized using
X-ray powder diffraction (Bruker D8 advance P-XRD),
scanning electron microscope (Carl Zeiss MA15/EVO18),
energy-dispersive analysis of X-ray (Oxford INCA Energy
250 Microanalysis System), Fourier transform infrared
spectroscopy (Bruker FTIR spectrometer, Alpha-T), UV-vis-
ible spectroscopy (Jasco UV-Vis Spectrophotometer, V-50),
photoluminescence (Fluorolog-2500 fluorescence
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spectrophotometer), and surface area analysis was done
using Nova €2200 Quantachrome.

3.1 Cr(VI) and Mn(VIl) adsorption batch
experiments

For batch adsorption experiments, initially a stock solution
of 1000 ppm of K,Cr,0, was prepared. Then, different dilu-
tions (10 ppm to 100 ppm) of stock solution were prepared
using distilled water and used as source of Cr(VI) ions. The
same was repeated for Mn(VII) by diluting 1000 ppm stock
of KMnO,.The A,,,, was determined using UV-visible spec-
trophotometer by scanning 100 ppm solution over the
wavelength range of 200-800 nm. The A, ,, for Cr(VI) and
Mn(VII) were found to be 375 nm and 527 nm, respectively.
As the metal ions are adsorbed onto the surface of Cul,
their concentration in bulk solution decreases. An equi-
librium is reached between the metal ions on the surface
of adsorbent and the bulk in a specific time. To determine
the equilibrium concentration and time to reach equilib-
rium, the absorbance of each solution (10-100 ppm) was
measured before addition of adsorbent and then equili-
brated with 25 mg of Cul by stirring for 150 min. An ali-
quot of resulting solution was centrifuged and filtered, and
absorbance was measured every 15 min up till 150 min.
The remaining solution was kept at room temperature for
equilibration. After 12 h, solution was filtered and absorb-
ance of the filtrate was measured and found to be same as
the absorbance of solution at the end of 2%; h, indicating
the time of reaching equilibrium to be 2% h. The equilib-
rium concentration was calculated from the absorbance
measurement before and after adsorption as follows:

A, = €b(, )
A, = €bC, 2)
Ce = Ae/AO (3)

where ¢ is specific absorptivity, b is path length, and C,
and C, are the initial and equilibrium concentrations of
metal ion.

To quantify the upshot of pH and adsorption, the
pH values of Cr(VI) solutions (10-100 ppm) were con-
formed to 2.0-8.0 by 0.1 M HCl or NaOH. Then, 25 mg
of adsorbent was sprinkled to 50 mL of the solutions
(10-100 ppm) under agitation for 150 min and placed for
12 h at ambient temperature. For the adsorption isother-
mal study, 25 mg of adsorbent was introduced to 50 mL
solution from 10 to 100 ppm at a pH-value of 7.00 and
5.00 for Cr(VI) and Mn(VIl), respectively. The solutions
were persistently agitated for 150 min and placed for
12 h at room temperature. After every 15 min, the adsor-
bent was isolated from the mixture by centrifugation
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and the ppm of metal ion adsorbed was determined
using an UV-visible spectrophotometer. The amount of
metal ion adsorbed/g of the adsorbent was appraised by
using the following mass balance equation.

Q= (G —C)V/m (@)
where g, (mg g") is the metal adsorbed/g of adsorbent, C,
(mg L™" the initial concentration of metal ion in the solu-
tion, C, (mg L") the equilibrium concentration of metal
ions, V (L) the volume of the solution, and m the mass (g)
of the adsorbent used. The filtered Cul after adsorption
was later dried naturally and scanned between 4000 and
500 cm™' to study the effect of metal adsorption on IR
bands of copper iodide.

4 Results and discussion

Cul was synthesized using flower extract of Hibiscus rosa-
sinensis L. It was observed that when 50 mL of 2 mmol
solution each of CuSO,-5H,0 and KI were mixed, there
was no Cul formation, whereas when 2 mmol solution of
CuS0,-5H,0 containing Hibiscus rosa-sinensis L. flower
extract was mixed with 2 mmol solution of K, it resulted
in Cul precipitate. The anthocyanins present in flower
and fruit extracts are very good reducing agents. The
anthocyanin in hibiscus flower is cyanidin-3-sophoro-
side; Fig. 1 represents the structure cyanidin-3-sopho-
roside. Therefore, the flower extract may be responsible
for reduction of Cu®* to Cu*, which forms Cul precipitate
after reaction with KI. The yield of the synthesized prod-
uct was found to be ~75%.

OH

Fig. 1 Structure of cyanidin-3-sophoroside

4.1 X-ray powder diffraction

Copper iodide exists in three different phases a, 8 and y;
out of the three phases, the gamma-phase is the most
stable at room temperature. The X-ray powder diffraction
(XRD) pattern of the synthesized compound was found to
match well with that reported in the literature (JCPDS card
no, 82-2111) for gamma-copper iodide [19]. The XRD pat-
tern showed well defined peaks, implying that the com-
pound is crystalline in nature. The slight broadening of the
peaks may be attributed to the nanosize of the synthe-
sized compound. The XRD data was found to fit in an fcc
lattice of edge length a=6.0366 A. The following 26 values
25.65°,29.67°,42.34°,50.07°, 52.46°, 61.34°,67.71°,69.51°,
77.49° were indexed as represented in Fig. 2. In an fcc
crystal system, the most intense peak is due to the (1,1,1)
plane [33] and the indexed XRD pattern of Cul shows (111)
as the most intense peak. Using Scherrer’s formula, the
mean crystallite size of copper iodide was calculated to be
89.1 nm.The nanocrystalline nature of the synthesized Cul
particles may be due to the presence of capping layer of
cyanidin-3-sophoroside, thereby preventing agglomera-
tion of particles. The indexed x-ray powder diffraction data
of Cul particles are provided in Table S1 of the electronic
supplementary data.

4.2 Morphological studies

Morphology of the Cul nanoparticles were explored by
SEM and EDAX analysis. SEM images revealed that the pro-
duced copper iodide nanoparticles appear to be stacked
triangular flakes as shown in Fig. 3. Energy-dispersive X-ray
spectroscopy analysis in Fig. 4 showed only the presence of
elemental copper and iodine indicating high purity of the
synthesized copper iodide nanoparticles. y-Cul samples
prepared by many experimental methods are reported to
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Fig.2 XRD patterns of the copper iodide nanoparticles synthesized
from Hibiscus flower extract
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Fig.3 SEM images of synthesized Cul

be of various dimensions, whereas the occurrence of an
excess of Cu or | atoms in y-Cul is highly unlikely [34]. The
% atomic ratio as shown in Table 1 of Cu being slightly
more than | may thus be attributed to the surface crystal
defects in Cul making it a favorable adsorbent.

4.3 FTIR

The FTIR spectrum was scanned between 4000 and
500 cm™ for the synthesized copper iodide nanoparticles
and dried powder of flower Hibiscus rosa-sinensis L. Fig-
ure 5 represents the IR spectrum of Cul synthesized using
flower extract and the extract of Hibiscus rosa-sinensis L.

Fig.4 EDAX of synthesized Cul
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Table 1 Percentage composition of synthesized copper iodide
from EDAX

Element Line type Weight (%) Atomic (%)
Cu K series 37.64 54.66

| L series 62.136 4534
Total 100 100

(containing cyanidin-3-sophoroside). The IR spectrum of
pure Cul shows peaks at 622 and 457 cm™'. The presence
of characteristic IR bands of cyanidin-3-sophoroside in the
IR spectrum of the synthesized copper iodide may be due
to capping of Cul particles by cyanidin-3-sophoroside in
the flower extract.

The flower extract contains the anthocyanin, cyanidin-
3-sophoroside which acts a capping, stabilizing and reduc-
ing agent in the synthesis of copper iodide. The IR spec-
trum of the synthesized copper iodide using flower extract
showed a shift in characteristic bands of cyanidin-3-sopho-
roside indicating the presence of bonding between them
during capping. Table 2 shows the variation of force con-
stant of various characteristic vibrational bands of functional
groups of cyanidin-3-sophoroside and copper iodide syn-
thesized using hibiscus flower extract containing cyanidin-
3-sophoroside. As force constant is directly proportional to
bond strength, the slight shift in force constants of various
bonds may be due interaction between Cul and cyanidin-
3-sophoroside. The stretching frequency at 3467 cm™' may
be due the phenolic O-H bond. The bands at 2921 and
2864 cm™' correspond to C-H stretching and 1645 may be
due to C=C stretching. The bands at 1263 cm™" accords to in

n Spectrum 2
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Fig.5 FTIR spectrum of flower extract of Hibiscus rosa-sinensis L. (containing cyanidin-3-sophoroside) and synthesized copper iodide nano-

particle

Table 2 IR frequencies of synthesized copper iodide nanoparticles
and cyanidin-3-sophoroside

Samples Group  Wave number (cm™')  Force constant (k)
(N/m)
Cul Cc-0 1065 457.94
C-H 2864,2921 444.28,463.58
O-H 3467 666.33
Cyanidin- Cc-0 1059 452.70
3-sophoro- .4 2926 465.11
side O-H 3401 640.73

plane C-H bending and a band at 729 cm™" may be due to
=C-H out of plane bending seen only in Cul spectrum.The
band 1065 cm™' corresponds to the phenolic C-O stretching.

4.4 UV-visible spectroscopy
The band gap of the synthesized copper iodide was calcu-
lated using the

Tauc equation, which is given in Eq. (5),

ahv = C(hv —E;)"" 5)

In the above relation, a is the absorption coefficient,
E, the average band gap energy of the sample, and n is
the type of transition. a is calculated using the following
relation:

a = Absorbance x 2.303/t (6)

where t is the thickness of the sample. For n=", E is the
direct and allowed band gap. Figure 6 represents the Tauc
plot of Cul. The value of the average band gap energy was
calculated from the Tauc plot. The value of energy at (ahv)
2— 0 was taken by extrapolating the graph and was found
to be 2.90 eV which is less than that reported in the lit-
erature ~ 3.1 eV. This observation may be related to the
defects shown by unequal distribution of Cu and | in EDAX,
consequently resulting in lower band gap and increasing
the number of active sites.

4.5 Photoluminescence spectra

Figure 7 shows the PL spectrum of copper iodide nanopar-
ticle excited at 380 nm with an emission band at 420 nm
corresponding to the band gap of 2.95 eV (blue shift). A
blue shift from 2.86 to 2.95 eV may be related to the quan-
tum confinement effect as expected for nanomaterials in
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Fig. 7 The PL spectrum of synthesized copper iodide

PL spectra. The broad red luminescence centered at about
680 nm may be related to the iodine vacancy as reported
in the literature [35, 36]. Hence, in line with the results from
EDAX, PL studies also confirm the presence of defects in
Cul.

4.6 Textural analysis

Adsorption process was understood by a graph of the
quantity of adsorbate adsorbed onto the surface of the
adsorbent and pressure of adsorbate at constant tem-
perature. The Cul exhibited a type Il isotherm, delineat-
ing the establishment of multilayer with no asymptote in
the curve. The pore size distribution was scrutinized by
Barrett-Joyner-Halenda (BJH) method. The surface area
of Cul was observed to be 23.557 m?/g, BJH pore diam-
eter=1.347 nm and pore volume =0.038 cc/g. Thus, with
a huge surface area the synthesized Cul can prove to be
a useful adsorbent for removal of Cr(VI) and Mn(VI) ions.
Sorption desorption curves in Figure ST and BJH plot Fig-
ure S2 are provided in Supplementary data.
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5 Metal ion removal by adsorption

In the batch adsorption experiments, the consequence
of change in pH, contact time and incipient metal ion (in
ppm) on the adsorption of metal ions (Cr(VI)/Mn(VII)) were
investigated using green synthesized nanocrystalline Cul
as absorbent.

5.1 Cr(VI) removal

Initially, a stock solution of 1000 ppm of K,Cr,0, was pre-
pared. Then, different dilutions of stock solution were pre-
pared using distilled water and used as source of Cr(VI).
The effect of initial chromium ion concentration, pH,
adsorbent amount and contact time on adsorption (%
metal removal) was probed.

5.1.1 Effect of initial concentration and pH

The consequence of primary concentration on % metal
removal was calculated by using various dilutions
(10-100 ppm) of stock potassium dichromate solution
and 25 mg of Cul at room temperature. Each initial con-
centration of Cr(VI) reached equilibrium before 2¥2 h. To
determine the equilibrium concentration, the absorbance
of each solution (10-100 ppm) was measured initially and
then equilibrated with 25 mg of Cul by stirring for 22 h.
At the end of 212 h, an aliquot of solution was centrifuged,
filtered and absorbance measured. Then, the remaining
solution was kept at ambient temperature for equilibra-
tion. At the end of 12 h, solution was filtered, and filtrate
concentration was calculated from the absorbance meas-
urement after adsorption. It was found that the absorb-
ance at the end of 2%2 h and 12 h was same indicating the
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attainment of equilibrium before 22 h. Figures of solutions
of metal ions before and after adsorption provided in Fig-
ure S3 and Figure S4 of the supplementary data.

Solution pH is a substantial controlling variable to the
remove of metal ions since it judges the adsorbent charge
density and oxidation states of the metal ion in solution.
To probe the adsorption with the change of pH, the pH
values of Cr(VI) solutions (10-100 ppm) were corrected
to 2 to 8 by 0.1 M HCl or NaOH. Subsequently, 25 mg of
adsorbent was mixed to 50 mL of the solutions, followed
by 150 min of agitation and rest for 12 h at ambient tem-
perature, then the resultant solutions were filtered. From
the absorbance of the filtrate, amount of metal ions
adsorbed was calculated using Eq. 4. Figure 8 refers to the
effect of pH (2-8) for each initial Cr(VI) concentration.

Table 3 result indicates a high % of metal removal
for low concentrations of Cr(VI) upto 30 ppm at pH 3,
whereas beyond 40 ppm initial concentration of Cr(VI),
the % metal removal decreases. The variation in % metal
removal with pH can be expounded by considering the
adsorbent surface charge and the ionization extent of the
substances being adsorbed. Cr(VI) ions exist mostly as
CrO,* rather than HCrO,*~ and/ or, Cr,0,%" anion forms in
very dilute solutions.

Fig.8 Plot of % removal of
Cr(VI) ion of initial concentra-

In very dilute solutions up to 40 ppm, at lower pH, H" are
preferentially adsorbed and render positive charge to the
surface sites of Cul nanocrystals. These are the sites where
the negatively charged Cr(VI) species bind by showing
high % of Cr removal. However, at pH 2, solubility of Cul
samples would increase, thereby decreasing the number
of active sites and consequently decreasing the % removal
of metal ion. So, the Cr(VI) removal efficiency is reduced
at pH 2.0.

On analyzing the % Cr(VI) removal at various pH and
initial concentrations, it can be concluded that at pH 7 the
% removal is good ranging from 30.76% for 10 ppm to
82.85% for 100 ppm initial Cr(VI) concentration. As OH™ is
smaller in size and possesses higher mobility compared
to ionized adsorbate ions at pH 8, the smaller OH™ may
occupy the active sites preferentially, leading to a decrease
in % metal removal. These results thus show that Cul dis-
played good adsorption properties of removing Cr(VI) at
pH 7.0.The IR spectrum of Cul before and after adsorption
of metal ions was scanned between 4000 and 500 cm™".

The IR spectra of Cul before and after adsorption show a
slight shift in bands as represented in Fig. 9 indicating the
adsorption of metal ions on the surface due to which three
main bands show shift. The force constants calculation also

ADSORTION STUDY FOR Cr

tions (10-100 ppm) at pH 2 100
to8 90
= 80
< 70
S’ 60
250
& 40
f 30
= 20
10
0 B
10 ppm 20ppm 30ppm 40ppm 50ppm 60ppm 70ppm 80ppm 90 ppm 100 ppm
INITIAL METAL ION CONCENTRATION (ppm)
WMpH2 ®mpH3 pH4 m®mpHS5 ®WpHE pH7 mpHS8
Table 3 Removal %of Cr(VI) ppmpH 10 20 30 40 50 60 70 80 90 100
jon of initial concentrations
(10-100 ppm) at pH 2 to 8 2 4177 5050 6052 66.16 69.86 7317 5195 77.08 7677 6978
3 100 100 9122 6417 6666 6415 5593 5251 50.00 54.18
4 47.05 3043 3829 41.17 2962 5468 4729 2439 2527 4292
5 100 100 100 97.01 7532 7956 6666 6097 5833 61.14
6 2586 3924 5816 6355 67.88 7051 5428 5228 7168  73.41
7 3076 5641 71.18 7857 8190 84.12 8367 8235 8412 8285
8 1621 3584 5131 6224 7080 7278 7206 6951 6394 6033
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Fig.9 IR spectrum Cul before
and after adsorption of Cr(VI)
ion
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4000

shows a decrease in its value which may be due to adsorp-
tion of metal ion on the surface. Calculated force constants
from IR data before and after adsorption are provided in
Table S2 the electronic supplementary data

5.1.2 Effect of adsorbent dosage

Since the adsorption of Cr shows good results at pH 5 and
7, the effect of adsorbent dosage study was done at pH 5
and 7. The % purging of Cr by Cul at differing adsorbent
doses (5, 15, 25, 35 and 45 mg) for the chromium concen-
tration 100 ppm was investigated. The results showed that
the % removal of Cr(VI) increases rapidly with Cul dosage
from 5 to 45 mg at both the pH which probably could be
due to the greater accessibility of active sites on the sur-
face of the adsorbent.

The removal efficiency increased from 17.88 to 77.48%
at pH 5 and from 27.18 to 88.47% at pH 7 as represented in
Table 4. As Cr(VI) removal efficiency was more at pH 7, con-
sequence of contact time on % Cr(VI) removal was studied
using 100 ppm initial concentration at pH 7.

5.1.3 Effect of contact time
Contact time is a crucial factor affecting metal ion removal

in solution. The effect of contact time on the adsorption of
Cr(VI) ions in solution was carried out by taking 50 ml of

3500

2500 2000 1500 1000 500

Wavenumber cm-!

3000

100 ppm Cr(VI) solution at pH 7 and 25 mg of Cul, and the
resultant solution was stirred continuously. Absorbance
of aliquots of this mixture was measured every 15 min for
150 min.

It can be seen from Table 5 and Fig. 10 that as time
increased, the % removal of metal ions also increased fast
initially and then gradually to reach a maximum at equilib-
rium beyond 120 min. The quantity of metal ion adsorbed
in mg/g ‘gt’ of the adsorbent at a time t was determined
by utilizing the balance Eq. (4). The gt obtained at equilib-
rium corresponds to the absorption capacity of Cul for Cr
removal and was found to be 169.46 mg/g (emphasised
in bold in Table 5).

5.2 Mn(VIl) removal

Initially, a stock solution of 1000 ppm of KMnO, was
prepared. Then, different dilutions of stock solution
10-100 ppm were prepared using distilled water and used
as source of Mn(VIl). The effect of initial concentration of
metal ion, pH, amount of adsorbent and contact time on
adsorption (% removal of metal) was probed.

Table 5 Effect of contact time for % Cr(VI) removal at pH 7

Contact time (min) % Cr removal g (mg/qg)
0 0 0
Table 4 Effect of adsorbent dosage on Cr(VI) ion removal at pH 5 15 15.26 3052
and7 30 25.19 50.38
Adsorbent dosage (mg) % Removal Cr pH 5 % 45 26.20 52.40
Removal 60 27.22 54.44
CrpH7
75 53.18 106.36
5 17.88 27.18 920 59.28 118.56
15 31.78 42.39 105 83.71 167.42
35 57.61 82.94 120 84.73 169.46
35 70.86 85.71 135 84.73 169.46
45 77.48 88.47 150 84.73 169.46
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Fig. 10 Plot of contact time and adsorption capacity ‘g, of Cr at pH
7

5.2.1 Effect of initial concentration and pH

The effect of initial concentrations and pH of Mn(VII) on
% metal removal using Cul as adsorbent was probed by
procedures like Cr(VI) removal. The results of effect of pH

and initial concentration of Mn(VII) on % Mn removal are
represented in Table 6 and Fig. 11.

It is observed that with the increase in initial concen-
tration and pH, % metal removal increased in most of the
cases; this can be attributed to the adsorption of ionized
MnO, and reduced MnO, in the solution of pH less than
7. At pH more than 7, the adsorption decreased slightly
owing to reduction according to Eq. (7)

2KMnO, + 2NaOH — 2MnO, + O, + 2KOH + Na,0  (7)

It was observed that the solution turned brownish at
the end of 12 h with arise in initial concentration of Mn(VII)
and pH; this may be due to reduction of MnO,” ions to
MnO, according to Eq. (8)

2KMnO, + 2HCl — 2MnO, + H,0 + 2KCI + 3[0O] (8)

The IR spectrum of Cul before and after adsorption of
Mn(VIl) ion was scanned between 4000 and 500 cm~". The
IR spectra of Cul before and after adsorption showed a
slight shift in bands as represented in Fig. 12, indicating
the adsorption of metal ions on the surface. Calculated
force constants from IR data before and after adsorption

Table 6 Removal % of Mn(VII)

, > ¢ : ppmpH 10 20 30 40 50 60 70 80 90 100

ion of initial concentrations

(10-100 ppm) at pH 2 to 8 pH 2 7721 9078 9297 9403 9512 9603 9575 9678 97.02 97.33
pH 3 9146 9563 97.00 9776 9767 9586 9510 9327 9684 98.11
pH 4 9933 9964 9392 9685 9741 9691 9921 99.15 9845 9937
pH 5 100 9869 73.11 9280 8651 81.84 9842 9923 9969 100
pH6 80.18 9482 9669 9767 97.88 97.84 9825 9863 9881  99.58
pH7 97.10 9377 9602 9694 9753 9775 9767 9767 9776 98.13
pH 8 8333 9069 9301 9500 9451 965 9690 97.12 9618 9747

Fig. 11 Plot of % removal of
Mn(VIl) ion of initial concen-
trations (10-100 ppm) at pH 100
2to8 90

80
70
60
40
30
20
10

0

% REMOVAL
g
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Fig. 12 IR spectrum of Cul before and after adsorption of Mn(VII)
ion

of Mn(VII) are provided in Table S3 of the electronic sup-
plementary data.

5.2.2 Effect of adsorbent dosage

The consequence of amount of adsorbent on adsorption
was probed using 100 ppm Mn(VIl) solution at pH 5 as the
percent removal of metal ion was good at pH 5.

The % removal of Mn(VIl) using Cul at different adsor-
bent doses (5, 15, 25, 35 and 45 mg) for the 100 ppm Mn
(VII) solution was investigated, and the results are rep-
resented in Table 7. It can be observed that % Mn(VII)
removal reaches maximum for 25 mg of adsorbent and
then it decreases since at high adsorbent dosage aggre-
gation of adsorbent occurs, resulting in the decrease in
active sites as electrostatic interferences dwindled attrac-
tions between the adsorbing solute and the superficies
of the adsorbent. Thus, 25 mg of Cul was used for % Mn
removal at pH 5 for probing effect of contact time on metal
removal.

5.2.3 Effect of contact time
The effect of contact time on the adsorption of Mn(VIl) ions

in solution was done by taking 50 ml of 100 ppm Mn(VII)
solution at pH 5 and 25 mg of Cul. The resultant solution

Table 7 Effect of adsorbent

dosage for % removal Mn(VII) Adsorbent dos- 9 Removal
) age (mg) of Mn at
ionatpH5 pH 5

5 51.89

15 99.92

25 100

35 99.03

45 97.51
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A SPRINGERNATURE journal

Table 8 Effect of contact time

. Contact % Removal g,

for % removal Mn(VIl) ion at time of Mn(VIl)

pHS (min)
0 0 0
15 84.00 168
30 89.31 178.62
45 91.91 183.82
60 92.32 184.62
75 95.02 190.04
20 95.75 191.5
105 96.00 192
120 100 200
135 100 200
150 100 200

was stirred continuously. The % metal removal was studied
every 15 min for 150 min. Table 8 shows the effect of con-
tact time on % Mn(VIl) removal at a time interval range 0
to 150 min. The results show that the rate of uptake is fast
and reaches about ~85% at the first 15 min. The equilib-
rium is attained at the 150th min. It showed that during
adsorption of Mn(VIl) ions, the primary step drives to sur-
face adsorption of Mn on the surface of Cul adsorbent due
to availability of more active sites, the subsequent step
leads to intraparticle transit from bulk fluid to the exter-
nal surface of the permeable adsorbent. Thus, in the first
phase, all the adsorption sites on the adsorbent surface
are available which resulted in the faster removal of metal
ion from solutions, and the second phase might be due
to the obstruction of the pores by the manganese ions.
Generally, % metal removal increased with an increase in
contact time till equilibrium is reached and after which it
remained constant. A plot of qt the amount adsorbed in
mg/g of adsorbent verses time gives adsorption capacity
at equilibrium is shown in Fig. 13. The adsorption capacity

200 +

150 +

100 +

qtin mg/g

50 +

0 . t . t . t
0 40 80 120 160
Cotact time in minutes

Fig. 13 Plot of contact time and adsorption capacity ‘g, of Mn(VII)
atpH5



SN Applied Sciences (2019) 1:522 | https://doi.org/10.1007/542452-019-0544-y

Research Article

is detected to be 200 mg/g of adsorbent (emphasised in
bold in Table 8).

5.3 Adsorption kinetics

The adsorption kinetic models are prominent in the
operation of purging of deleterious heavy metals from
the aqueous medium. In the present study pseudo-
first- and pseudo-second-order models were examined.
The sorption kinetics following the pseudo-first- and
pseudo-second-order reaction model was calculated
using Eqgs. (9) and (10)

In(g. — q,) = Ing.—k,t pseudo-first order )

t/q.=1/k,-q>+ (1/g.)t pseudo-secondorder (10)

where ‘g, is the amount of solute adsorbed at
equilibrium/g of adsorbent (mg g™'),’g.— g, is the amount
of solute adsorbed at any moment ‘t; and 'k’ is the rate
constant. From the plots of In (g, —q,) verses t and 1/q, ver-
sus 1/t, the pseudo-first-order and pseudo-second-order
rate constants, respectively, were calculated.

From R?, it can be inferred that adsorption of Mn(VII)
on adsorbent Cul follows pseudo-second-order kinet-
ics and that of Cr(VI) follows pseudo-first-order kinetics

and b (mg L") are constants allied to the maximum
adsorption scope and energy of adsorption, respectively,
and k and 1/n are the constants of Freundlich adsorption
isotherm. Table 10 shows the constants of Langmuir and
Freundlich adsorption isotherm models as observed for
removal of Cr(VI) and Mn(VIl) ions using Cul as adsorbent.
It is indicated that based on R? values (emphasised in
bold inTable 10), Cr(VI) removal fitted better in Freundlich
adsorption model, whereas Mn(VIl) removal was found to
fit well in Langmuir adsorption model. The value of 1/n
less than one indicates chemisorption process, while that
of unity indicates partition between the liquid phase and
solid phase are independent of concentration and the
value of 1/n above unity exhibits cooperative adsorption
(emphasised in bold in Table 10) [37]. Tables and figures
related to calculation of Freundlich adsorption constants
and Langmuir constants are provided in Table S4 and Fig-
ures S5 and S6(Cr) and S7 and S8 (Mn) of the electronic
supplementary data.

Table 11 Adsorption capacities of different adsorbents for chro-
mium and manganese

. . . Adsorbent Ad ti - Refi
with rate constants as reported in Table 9 (conclusions sorbents ity?;rg/g;n capac eterences
are re-emphasised in bold). _—
Cr Mn
5.4 Adsorption models Activated rice husk carbon 0.8 - [38]
Activated alumina 1.6 - [38]
Two probative equations, the Langmuir (Eq. 11) and Fre-  y.fe,0, 17.0 - [39]
undlich isotherm (Eq. 12) models, were used to analyze Nano-Al,0, 856 _ [40]
the adsorption data. Dolomite 10.01 - [41]
Nano-MnFe,O 31.55 - [42]
1 =1 + (1 - b) (1/C 1 24
/% /G ( /G ) ( / e) () Sulphonated lignite 27.87 - [43]
Yy AC/-MWCNTs 113.29 - [44]
n
ge = kC, (12)  Ac/fcNss 10548 - [44]
. er . _ Tannic acid immobilized acti- - 1.13 [45]
where (j-e, |s.the equmbr!um ppm'of Cr(VI)_l?n (mglL ),je vated carbon
the equilibrium adsorption capacity (Mg 9™'), 4 (MIG™)  \atural zeolitic tuff _ 10.0 [46]
Magnetic graphene oxide - 16.5 (471
Table 9 Pseudo-first- and pseudo-second-order constants Thermally decomposed leaf - 6657  [48]
Metalions  k, (min™")  R? k,(Lmin'g™") R? Pithacelobium dulce carbon - 0415 [49]
s Crab shell particles - 69.9 [50]
Cr(VI) 0.03132 0.9151 2.14%x10 0.312 .
3 Pecan nutshell biosorbent - 103.8 [51]
Mn(VII) 0.025 0.7674 2.769x10 0.9984
Nano-Cul 169.5 200 Present study
Table 10, FreundIiFh a.nd Metal ions Freundlich constants Langmuir constants
Langmuir adsorption isotherm
analyses 1/n K(mgg'/(Lmg™) R? Gm(mgg™) b(Lmg™) R?
Cr(VI) 1.523 2.4664 0.7786 22.779 0.4516 0.4852
Mn(VII) 0.42 35x107* 0.412 2500 26.5 0.988
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Aqueous Cr¢*

CuI

Hibiscus flower extract
containing cyanidin-3-
sophoroside

Aqueous Mn’*

e
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Cul capped with ‘ 1

* Adsorption Capacitty = 169.5mg/g
* Adsorption kinetics follows pseudo first order
*Data fits in Freundlich Adsorption isotherm

* Adsorption Capacitty = 200 mg/g
* Adsorption kinetics follows pseudo second order
* Data fits in Langmuir Adsorption isotherm

Fig. 14 Application green synthesized Cul in removal of aqueous Cr®" and Mn*” ions

Cr(VI) and Mn(VIl) removal capacities of Cul nanocrys-
tals were found to be 169.5 mg g~' and 200 mg g™,
respectively. These values were much greater than adsorp-
tion capacities of Cr(VI) and Mn(VIl) removal using other
adsorbents. Table 11 shows the reported adsorbents for
the removal of Cr(VI) and Mn(VIl) ions.

6 Conclusion

The green synthesized copper iodide nanoparti-
cles using Hibiscus rosa-sinensis L. flower extract was
found to be y-Cul of nanocrystalline nature of approxi-
mate size 89.1 nm and fitted well in an FCC lattice of
edge length 6.0366 A. The anthocyanin, cyanidin-3-so-
phoroside present in Hibiscus rosa-sinensis L. extract acts
as reducing and capping agent. The infrared spectrum
of the Cul nanocrystal shows characteristic bands indi-
cating the presence of cyanidin-3-sophoroside. The SEM
EDAX data of synthesized Cul showed that copper iodide
was pure and the presence of slight unequal distribution
of Cu™ and I~ may be due to some surface defects making
it a good adsorbent. The UV-visible spectrum and pho-
toluminescence also confirmed the presence of defects
in the synthesized Cul. The removal of aqueous Cr(VI)
and Mn(VIl) using Cul as adsorbent gave adsorption
capacities of 169.5 and 200 mg/g, respectively, which
is much higher than that of the other adsorbents pub-
lished in the literature. The nanocrystalline nature, pres-
ence of defects and high surface area make the green
synthesized Cul a good adsorbent. The adsorption for
Cr(VI) was observed to follow pseudo-first-order kinetics

SN Applied Sciences

A SPRINGERNATURE journal

and Mn(VII) was found to follow pseudo-second-order
kinetics. In adsorption models, Mn(VIl) removal fitted in
Langmuir adsorption isotherm model and Cr(VI) removal
fitted well in Freundlich adsorption isotherm model. Fig-
ure 14 gives an outline of the present work.
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