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ABSTRACT

In this study, hybrid nano adsorbent supported carbon dots was prepared and used for removing
Cr(VI) from aqueous solution. Carbon dots were synthesized from sugarcane molasses under micro-
wave irradiation. Hybrid nano adsorbent was prepared by impregnating carbon dot with H,PO, in
a ratio of 2:1 and introducing 0.01 M FeCl, into the slurry. The carbon dot hybrid was activated via
a conventional thermal method under N, flow. The physico-chemical properties of the synthesized
material were investigated using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), N, adsorption/desorption, and field emission scanning electron microscopy (FESEM). Chro-
mium adsorption was studied in a synthesized aqueous solution using hybrid Fe—carbon dots as
the adsorbent under various adsorption conditions like solution pH, adsorbent dosage, various ini-
tial chromium concentrations, and contact time. Adsorption isotherms were conducted and it was
indicated that the adsorption equilibrium data was well fitted for both the Langmuir (R*> 0.99)
and Freundlich (R?> 0.97) models. The maximum adsorption capacity of Cr(VI) onto Fe-CDs was
obtained at 81.97 mg g". Adsorption kinetics for Cr(VI) was followed. The pseudo-second-order
model indicated very well that the rate-controlling step in the adsorption is mainly chemisorption.
The saturated hybrid nano adsorbent could be easily regenerated using dilute 1 N NaOH and 1 N
HCl aqueous solutions and high desorption efficiency (up to 74%) of Cr(VI) was achieved for various
initial chromium concentrations after 5 adsorption-desorption cycles. The obtained results proved
that the hybrid Fe—CDs is a low—cost and effective adsorbent for Cr(VI) ions removal.

Keywords: Carbon dots; Hybrid Fe—carbon dots; Nano adsorbent; Hexavalent chromium; Aqueous
solution

1. Introduction

Nowadays, heavy metal pollution is one of the greatest
environmental and health problems across the world [1-4].
Chromium is a primary metal pollutant, which is discharged
into the aquatic environment by modern civilization. Chro-
mijum is released into the environment through metal pro-
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cessing, mining, leather tanning, electroplating, pigment
synthesis, wood protection, electrical and electronic equip-
ment, plastic and cement industries, dyeing, fertilizer, etc.
[5-7]. Chromium mainly exists in both trivalent and hexava-
lent forms, of which hexavalent chromium is highly toxic and
can cause severe damage to public health such as dermatitis,
kidney circulation disorders, lung cancer, and, finally, death,
even at low concentrations [6,8,9]. Due to the non-biodegrad-
ability, toxicity, and mobility of Cr(VI) in water bodies and
bio accumulation in living cells [10,11], the maximum accept-
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able concentration of Cr(VI) is limited to 50 pg L™ by the US
EPA [12,13]. During the past decades, a variety of methods
including chemical precipitation, membrane separation, ion
exchange, electrochemical approaches, electro dialysis, photo
catalytic degradation, reverse osmosis, ultra filtration, and
adsorption have been utilized for the treatment of Cr(VI) in
contaminated water [6,14-18]. However, most of these meth-
ods have some drawback; they are often used in many water
and wastewater treatment utilities for chromium removal.
Chemical precipitation produces a large amount of precip-
itate sludge during the process as well as involves extra
processes for further treatment. A number of disadvantages
limits the application of membrane separation such as high
operational cost and limited pH range. Operational cost is
often a limiting factor for the application of ion exchange
in metal ions removal. Totally, the deficiencies of low fea-
sibility of scale-up for industrial purposes, ineffectiveness
at high concentrations, secondary pollution, cumbersome
procedures, and high operational cost exist in most of the
above-mentioned chromium removal methods [9,11,18,19].
Among diverse methods for removing toxic heavy metals,
adsorption is generally recognized as the most effective and
reliable approaches due to its high flexibility, cost-effective-
ness, easy handling, high efficiency, simplicity of design,
low energy consumption, and environmental friendliness in
comparison with other conventional methods [6,20,21].
Compared with traditional adsorbents such as activated
carbon [4], activated alumina, biosorbents, synthetic poly-
mers, and silica-based materials [22], nanosorbents are desir-
able because of their small particle size, high specific surface
area, large pore volume, and controllable morphology that
improve chemical reactivity and adsorbate/adsorbent inter-
actions [23-25] and enhance the removal of contaminants
over a broad concentration range (~1-1000 ppm) in a short
time [26].There are ongoing efforts to fabricate nano particles
that improve its physical properties and chemical functional-
ities, and promote its performance in application [27]. There
is also a need to investigate for new nano particles that are
nontoxic, more sustainable, environment-friendly and syn-
thesized easily according to green production procedures
using renewable precursors [27-29]. Considering the above
properties, high surface area, and effective functional groups
for removing a variety of organic and inorganic contam-
inants, carbon nano dots should be promising to turn into
alternative materials for water remediation. However, due
to high solubility of carbon dots, there are few reports for
the use of these materials as an adsorbent [30]. To overcome
this property, some researchers employed different strat-
egies like: gold nano particles as supports [31]; functional
groups such as magnetic ferrite-MOS, [32]; modification
with Mesoporous organo silica [33]; decorating supported
carbon dots with metallothionein [22] and Silica nano par-
ticles [34]; composition of carbon dots with layered dou-
ble oxide/hydroxide materials [30,35], TiO, nano particles
[36], chitosan hydrogel [37], mesoporous silica nano parti-
cles [38] and multiwalled carbon nanotubes [39]. However,
though the procedures mentioned above are successful in
the adsorption process, it is still necessary to exploit a novel
carbon dot-based adsorbent material for the betterment of
adsorption behavior and efficiency of carbon dots especially,
using cost effective precursors. Activation using physical and
chemical ways is common for the production of activated

carbon and, recently, some efforts have been conducted to
activate carbon nanotubes [40-42]. The activation process is
carried out during physical and chemical procedures. Phys-
ical activation include carbonization of carbonaceous mate-
rials at high temperature (500-900°C) followed by thermal
activation in an inert atmosphere or pyrolysis at elevated
temperatures in the presence of air, steam, and carbon diox-
ide [43]. In contrast, chemical activation is carried out in the
presence of activation agents such as phosphoric acid, ZnCl,
K1, AICL,, MnCL, CuCl,, and FeCL,, while pyrolysis and acti-
vation are performed in only one stage [44—47]. Often, chemi-
cal activation is preferred as it produces larger pore structure
than physical activation methods, enabling the adsorption of
higher molecular size adsorbates [48,49]. Utilization of phos-
phoric acid as the activation agent for synthesis of activated
carbon from agricultural waste has been widely established
in the literature [46,50-52]. Although, due to the surprising
properties of carbon dots, synthesis and application of CDs
nano composites is ongoing, however, to the best of our
knowledge, no study has been focused on the activation of
carbon nano-dots prepared from green precursor, and using
activation agents in order to formation of pore, improvement
of the adsorption capacity and reduction of water solubility.
In this research work, the rapid synthesis of carbon nano
dots from sugarcane molasses with microwave irradiation is
carried out. Synthesis of hybrid nano adsorbent is reported
for the first time by employing H,PO, and FeCl, as activa-
tion agent, thermal carbonization as the heating method, and
evaluated the ability of hybrid Fe-CDs to adsorb Cr(VI) from
aqueous solutions. To study the influences of the assisted
activator on carbon dots, hybrid Fe-CDs were characterized
by N, adsorption, X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and field emission scanning
electron microscopy (FESEM). The adsorption isotherm and
kinetics of Cr(VI) from aqueous environment on Fe-CDs
are also studied to comprehend the adsorption mechanism.
The saturated hybrid Fe-CDs is regenerated and reused for
removing various Cr(VI) concentrations.

2. Materials and methods
2.1. Materials

All the chemicals and reagents were of analytical
grade. Ferric chloride (FeCl,-6H,0) of purity 99.9%, phos-
phoric acid (85%), NaOH, HCIl, and K,Cr,O, were pur-
chased from Merck. Sugarcane molasses was prepared
from Karun Agroindustry of Khuzestan. Stock solution of
Cr(VI) (100 mg L), was prepared by dissolving 0.1414 g of
K,Cr,0O, in 500 ml double distilled water. Ultrapure water
was prepare dusing Milli-Q water purification system.
Atomic absorption spectrometer (model AAnalyst 700, Per-
kin Elmer) at 357.8 nm wavelength, was used for determin-
ing the hexavalent chromium concentration.

2.2. Preparation of carbon dots

Carbon dots were synthesized using a domestic micro-
wave oven (900W, 100% of total power) according to the
Das et al. method with some modification [26]. Typically, 30
grams of sugarcane molasses was dissolved in 100 ml of Mil-
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1i-Q water and stirred for 1 h. The pH of the solution was
adjusted to the alkaline condition (pH = 11) using NaOH 1 M.
The solution was irradiated for 3.5 min and centrifuged for
10 min in 12,000 rpm to remove the large aggregates. The pH
of the clarified solution was reduced to seven by the addi-
tion of 0.1 M HCI and dried overnight in vacuum oven at
110°C. Optimization of the parameters for synthesis of CDs
was obtained by performing the synthesis with varying pH
values, irradiation time, and precursor concentration.

2.3. Preparation of hybrid Fe—CDs

Specially, 10 g of synthesized carbon dots was mixed
with 0.01 M FeCl,-6H,O and H,PO, in the ratio of 2:1 (acti-
vator to precursor ratio) to form slurries. For as much as
H,PO, concentration is a key factor in the activation pro-
cess, many researchers reported greater surface area and
porous structure at the optimum impregnation ratio
(weight of biomass: weight of H,PO,) of 1:1, 1:1.5, 1:2, and
1:3 [48,49,53]. The mixture was kept at room temperature
and stirred for 12 h. The wet samples were transferred into
an oven and dried overnight at 110°C. For the carboniza-
tion of impregnated samples, the resulting dried composite
materials were put in aceramic boat and transferred into a
tubular furnace. Pyrolysis was conducted at 550°C for 1 h
with a heating rate of 10°C min™ under a high purity nitro-
gen flow of 100 ml min. After cooling to room tempera-
ture, the obtained material was washed repeatedly with hot
deionized water until it reached a constant pH, filtered, and
dried at 110°C for 24 h. The dried substances were cooled
and stored in a dark place for the next analysis.

2.4. Characterization

The surface morphologies of carbon dots and hybrid Fe-
carbon dots were determined by FESEM(TESCAN MIRA3,
LMU) after coating the particles with gold film. SEM/EDX
analysis was conducted to determine the elemental compo-
sitions of nano adsorbent before and after the adsorption
experiments.

The FTIR-used pellets in the range of 600-4000 cm™ for
virgin and spent Fe—carbon dot, were recorded on a Bruker
Tensor 27 spectrometer. Chemical composition and molec-
ular structure of synthesized hybrid nano adsorbent before
and after the adsorption of Cr(VI), were analyzed using this
method.

The textural properties of the Fe-carbon dot including
pore structure and surface area, were determined using an
accelerated surface area and porosimetry system (ASAP
2020 micro meritics), and N, adsorption at 77 K. The BET
(Brunauer-Emmett-Teller) equation was used for the calcula-
tion of specific surface area (S,,,), total pore volume (V) and
average pore diameter (D ). The micropore surface area (S, ,)
and micropore volume (V, ) were evaluated using the t-plot
method. The external volume (V, ) obtained from the deduc-
tion of V. from V and the external area (S, ), was acquired
from the deduction of S from S, .. According to the follow-
ing equation, the average pore size (r) was estimated:

r:ﬂ (1)

SBET

X-ray diffraction (XRD) (model PW3830, Philips) pat-
terns with Ni-filtered Cu-Ko. radiation as the X-ray source
were scanned for 26 = 5°-80°.

2.5. Adsorption and desorption experiments

The adsorption experiments of Cr(VI) were conducted
by batch mode in 80 mL Nalgene polypropylene bottles at
room temperature. For each time, 0.045 g Fe—carbon dot
was added to a 30 ml solution containing 10, 30, 50, 75, and
100 mg L Cr(VI), prepared using K.Cr,O, as the source,
at initial pH of 2, and shaken in a thermostat shaker at
180 rpm for different times (1, 10,20,30,60,90,120, 180, 240,
and 300 min). The effect of initial pH on the adsorption of
Cr(VI) was carried out by adding 0.045 g of adsorbent to
the series of bottles containing 100 mg L™ Cr(VI) at pHs
ranged from 1 to 9. The pH adjustment was done using
dilute sodium hydroxide and sulfuric acid standard solu-
tions. Hexavalent chromium determination was performed
using Atomic Adsorption Spectroscopy. The effect of hybrid
Fe-CDs dosage on the adsorption of hexavalent chromium
was investigated by adding 0.015, 0.03, 0.045, 0.06, 0.075,
0.09, and 0.15 g of adsorbent and stirring the bottles con-
taining 100 mg L™ Cr(VI) with the initial pH of 2 for 180 min
at room temperature.

The equilibrium adsorption capacity, g, (mg g™), was
calculated by measuring Cr(VI) concentration before and
after the adsorption using Eq. (2):

0= @ @)

where C and C, (mg L") are the initial and equilibrium con-
centration of Cr(VI) in aqueous environment respectively,
V (ml) is the volume of chromium solution, and m (mg) is
the mass of the hybrid Fe-CDs.

In the desorption experiments, the loaded Fe-CDs
adsorbent with Cr(VI) ions were first treated with 50 ml of 1
N NaOH solution for 360 min, then filtered and washed with
DD water. Further regeneration was carried out using 50 ml
of 1 N HCl for regeneration of sorption sites [54]. After that,
hybrid Fe-CDs was washed with DD water several times
and dried overnight. The quantity of Cr(VI) released from
hybrid Fe-CDs into the aqueous solution was examined
using Atomic Adsorption Spectroscopy. Desorption studies
was conducted for five consecutive adsorption-desorption
cycles at various concentrations of Cr(VI) ranges from 10 to
100 mg L™ at optimum experimental condition.

3. Results and discussion
3.1. Characterization

The FTIR spectra of the hybrid Fe-carbon dot before and
after Cr(VI) adsorption, is demonstrated in Fig. 1. The wave
number at 2928 cm™ and 2857 cm™ corresponds to the bonds
of C-H stretching vibration in alkanes. The spectrum at 1580
cm™ is assigned to C=O stretching vibration of carboxylic
acids. These absorption bond peaks shift towards lower than
1600 cm™ wave numbers, if the C=C bond is conjugated in an
aromatic ring, or a C=O bond [53]. The bond about 1117 cm™
and 1160 cm™ belongs to stretching vibration of C-O in
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phosphate esters. Generally, the absorption of energy in the
peaks at 1000-1300 cm™, can be attributed to the C-C and
C-O vibration in acids, alcohols, phenols, ethers and esters
[45,53,55]. Also, it is a clear evidence for the existence of phos-
phorous and phosphor containing carbonaceous materials in
the carbon dots activated with the phosphoric acid [56]. The

hybrid Fe-CDs

Transmittance [%]

=C-H

3500 2500 2000 1500 1000 500

Wavenumber cm®

Fig. 1. FTIR spectra of hybrid Fe-carbon dots before and after of
the Cr (VI) adsorption.
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strong absorption bands at 970 cm™ and 877 cm™ corresponds
to =C-H out-of-plane in the spectra of alkenes and C-H out-
of-plane which are characteristic of the aromatic substitu-
tion pattern, respectively. Totally the strongest bands in the
spectra of alkenes are those ascribed to the carbon-hydrogen
bending vibrations of the =C-H group. These bands are in
the region 650-1000 cm™. Low transmittance intensity and
the shifted peak locations at different wave numbers for the
FTIR spectra of Cr(VI) loaded nano adsorbent is due to chro-
mium adsorption. It clearly indicated that functional groups
corresponds to adsorption process.

The surface morphology of the synthesized hybrid Fe-
carbon dots was confirmed using field emission scanning
electron microscopy. Fig. 2 demonstrates the FESEM images
of carbon dots and hybrid nano adsorbent. FESEM image
of carbon dots (Fig. 2a) clearly depicted that it is possible to
synthesize nono-sized carbonaceous materials from sugar-
cane molasses. As indicated in Fig. 2b, the surface morphol-
ogy of the hybrid Fe—carbon dots is partially rugged with
mesoporous structure. Obviously, it can be observed that
the size distribution of the nano particles are uniform and in
the range of 10-20 nm. Elemental composition of the carbon
dot and hybrid nano adsorbent was determined using EDX
spectrum. Fig. 3 and Table 1 demonstrate this EDX analysis.

SEM MAG 100.0 kx
W 4.8 mm

00y .
| 1 Before Adsorpeic o Afber Adsarption
1 T
seno s
1 [
] LA |
10
o
] 1500
k |
: L 000
00—
4 r
4 00
4 I-“ ke
-|| W k.
K
= s e . [ . — it ; i
0 5 10 1] o § ] 15

Fig. 3. EDX spectra of hybrid Fe-carbon dots before and after of the Cr (VI) adsorption.
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Table 1
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Elemental composition of carbon dot, hybrid Fe-CDs before and after adsorption

Elements Carbon dot Hybrid Fe-Carbon dots Hybrid Fe-Carbon dots + C(VI)
(Wt-%) (A=%) Wt (%) A (%) Wt (%) A (%)

C 36.03 39.71 61.30 69.97 61.38 70.47

o 60.21 58.51 2513 22.23 20.87 17.78

P - - 10.20 6.76 10.03 593

Na 3.23 1.58 0.59 0.20 0.5 0.17

S 043 0.17 0.39 0.14 0.19 0.11

Fe - - 0.89 0.45 0.69 0.32

Au 0.1 0.03 15 0.25 1.5 0.25

Cr - - - - 4.84 3.97

Carbon dots contain considerably high oxygen content par-
tially due to the presence of carbonyl groups [27]. The most
elements for hybrid Fe-CDs exhibit carbon (61.3%) and
oxygen (25.13%) depending on the carbon dots basis of the
adsorbent. Phosphorous (10.2%) was also found because of
phosphoric acid used for activation. Small amounts of iron
corresponding to ferric chloride were added during synthe-
sis of hybrid Fe-CDs. The peak of chromium indicated that
this element was successfully adsorbed.

The textural properties of hybrid Fe-CDs such as sur-
face area and pore volume, Brunauer-Emmett-Teller (BET)
surface area, and pore volume measurements were evalu-
ated particularly. Figs. 4a, b depict the N, adsorption-de-
sorption isotherms and pore size distribution curves of
hybrid Fe-CDs respectively. As indicated in Fig. 4a, the
adsorption-desorption isotherm is classified as type IV
with H, hysteresis loop in the P/P, range of 0.45-1.0,
characteristic of mesoporous material with slip-shaped
pores, which at high P/P,, do not appear to be any limit-
ing adsorption [30,57]. The specific surface area of carbon
dot and hybrid Fe-CDs is calculated to be 2.14 m* g™ and
233.7 m? g respectively, using BET. The average pore size
of 33.5 nm is obtained from the desorption section using
Barrett-Joyner-Halenda (BJH) model, in which the pore size
distribution is centralized in the mesopore range. BJH pore
size distribution of hybrid Fe-carbon dots is shown in Fig.
4b. The obtained data confirmed that, this hybrid material
is mesopore dominated with scarce micropore portion to its
total surface area. Other structural properties of hybrid Fe—
CDs are summarized in Table 2.

The X-ray diffraction pattern of carbon dots and hybrid
Fe-carbon dots before and after adsorption is shown in
Fig. 5. The XRD pattern of carbon dot shows some graph-
ite-like peaks at 30, 35, 40°. A broad peak around 20-40°
which is due to the oxygen containing groups located at
the surface of the layer of the carbogenic core, indicating
poor crystalline nature of CDs. The XRD pattern of hybrid
Fe—CDs before adsorption indicated a broad peak near 24°
with a high intensity. This reveals the amorphous patterns
of the synthesized adsorbent. Furthermore, no significant
peak for iron was observed because of low Fe concentration
in hybrid nano adsorbent. As indicated, the XRD pattern
after the adsorption of Cr(VI) did not show any significant
changes, which represented that the structure of the adsor-
bent was protected during the adsorption process.
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Fig. 4a. N, adsorption/desorption isotherms of hybrid Fe-car-
bon dots, b. BJH pore size distribution curve of hybrid Fe-car-
bon dots.

Table 2

Structural parameters of hybrid Fe—carbon dots
Sample Fe-CDs
Sy (m?g)? 233.7
S, (m?g™)P 196.2
Vo (cm? g ) 0.26
V. (cm?g™)d 0.02
Dy, (nm)© 33.5

*BET surface area, *t-plot external surface area, “Total pore volume
of pores, ‘t—plot Micropore volume, °BJH desorption average pore
diameter.
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Fig. 5. XRD patterns of carbon dots and hybrid Fe-carbon dots
before and after of the Cr(VI) adsorption.

3.2. Influence of pH

The pH of a solution is a significant controlling parame-
ter in the metal ions adsorption process. It has a strong effect
on the active surface binding sites and functional groups of
adsorbent as well as aqueous chemistry of the solution. The
influence of the initial pH of the solution on the adsorption
of Cr(VI) onto hybrid Fe-CDs was shown in Fig. 6. The pH of
Cr(VI) solution varied from 1.0 to 9.0 at initial chromium con-
centration of 100 mg L. As indicated in Fig. 6, the adsorption
capacity decreased with increasing pH, with the maximum
adsorption at pH = 2.0. The reason for this pH-depended
adsorption capacity may be attributed to the dependency of
the Fe-CDs adsorbent for the various species of Cr(VI) in the
forms of H ,CrO,’, HCrO,, CrO,* and Cr,0,* in acidic condi-
tions [6]. Under acidic pH, the carbon surface of the Fe-CDs
can be protonated by the community of H* ions, which is
favorable for electron attraction of negatively charged HCrO,-,
Cr,O,* to positively charged carbon nano dots in the adsorp-
tion process. At pH = 1, hexavalent chromium mostly exist
as H,CrO, and HCrO™ while at pH of 2.0, HCrO" species are
abundant; so, higher adsorption is expected. As pH increased
from 2.0 to 9.0, the HCrO," converts to CrO,* gradually. The
electron repulsion between such negative species of Cr(VI)
and negatively charged carbon nanoparticles increased under
weak acidic conditions, which result in the reduction of Cr(VI)
adsorption [58]. As the highest adsorption capacity occurs at
pH of 2.0, all the experiments are conducted at this pH value.

3.3. Adsorption isotherms

The maximum loading capacity of the adsorbent versus
equilibrium adsorption concentration can be described with
the adsorption isotherms. The effect of initial adsorbate con-
centration (ranging from 10 mg/L to 100 mg/L) on chromium
adsorption capacity is represented in Fig. 7. The adsorption
capacity of the hexavalent chromium onto activated carbon
dots increased with increasing of initial Cr(VI) concentration,
which may be because of the abundance of Cr(VI) ions in
the solution, greater driving force to dominate mass trans-
fer resistances, and increasing the chance of clashes with
the active sites [59]. For better realization of the correlation
between the adsorbate concentration and adsorbent, the two
most frequently used adsorption isotherm models are Lang-

0 2 4 g 6 3 10
Fig. 6. Effect of pH on the adsorption of Cr(VI) onto Fe-CDs,
(Fe-CDs = 1.5 g L7, initial Cr(VI) concentration = 100 mg L.

70
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W
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Fig. 7. The influence of adsorbate concentration on Cr(VI) ad-
sorption capacity (pH = 2, V =30 ml, Fe-CDs = 1.5 g L™).

muir [60] and Freundlich [61], developed to interpret incom-
ing experimental data of Cr(VI) adsorption on to hybrid
Fe—carbon dots. Langmuir isotherms, which are applicable
to the homogeneous adsorption surface with equal adsorbate
affinity sites [34] and assumes mono layer adsorption [62,63],
is explained with the following linear equation [22,64]:

& — i + & (3)
9. bq, 4,

where C, (mg/L) is the equilibrium adsorbate concen-
tration in solution, g, (mg/g) is the amount of metal ions
adsorbed on Fe-CDs at equilibrium, g, (mg/g) is the max-
imum capacity of the mono layer adsorption, and b (L/
mg) is the Langmuir constant. In addition, b illustrates the
association between solute and adsorbent binding sites [62].
Another key dimensionless parameter R, that is expressed
by the following equation, can be calculated from Langmuir
model [58].

R = L
1+bC,

(4)

where R, is the dimensionless Langmuir constant, and C,
(mg/L) is the initial Cr(VI) concentration. The value of R,
represents the type of isotherm which is irreversible (R, = 0),
favorable (0 < R, < 1), linear (R, = 1) and unfavorable (R, >
1) [34]. According to the experimental data in this study, the
R, parameter at initial Cr(VI) concentrations of 10, 30, 50, 75,
and 100 mg/L was calculated to 0.26, 0.11, 0.07, 0.045 and
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0.034 respectively. Comparing the results to the separation
factor (R,) indicated that the Langmuir isotherm was found
to be favorable. The values of g, and b in the Langmuir
isotherm plot (Fig. 8) can be specified from the slopes and
intercepts of the plot of C, versus C /g, respectively.

Another important method for describing the adsorp-
tion onto heterogeneous surface based on multilayer sorp-
tion assumption and uniform distribution of energy, is the
Freundlich model;the linear type of this isotherm for revers-
ible adsorption is as follows [64]:

logg, =log K, + llog C. )
n

where Kf [(mg/g) (L/mg)"/"] and n are the Freundlich con-
stants and indicate adsorption capacity and adsorption
intensity, respectively.

According to Fig. 9, the values of 1/n and K; in the Fre-
undlich isotherm plot were specified from the slope and
intercept of the plot of log C, against log g, respectively.

The obtained values from the Langmuir and Freun-
dlich isotherms that were assessed by the linear approach
of the experimental data are summarized in Table 3. As
indicated, the experimental data were fitted very well with
both Langmuir and Freundlich isotherms based on R? val-
ues, which is ascribed to the homogeneous surface of the
hybrid Fe—carbon dots and mono layer adsorption. As well
as the Freundlich constant, the value of 1/n being less than
1, corroborates the favorable adsorption of Cr(VI) on the
synthesized adsorbent.

0.18
y=0.012x+0.044 e
0.15 R?=0.995 .7
0.12
) .
3 0.09
0.06 K S
[
0.03
0
0 2 4 6 8 10

Ce
Fig. 8. Langmuir isotherm of Cr(VI) adsorption on hybrid Fe—
carbon dots.
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Fig. 9. Freundlich isotherm of Cr(VI) adsorption on hybrid Fe—
carbon dots.
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3.4. The effect of reaction time and adsorption kinetics

The equilibrium adsorption of Cr(VI) on hybrid Fe-
CDs versus time profile for various Cr(VI) concentrations
is presented in Fig. 10. From the economical and practical
viability standpoint, equilibrium reaction time and adsorp-
tion capacity of the adsorbent are the two key factors for
adsorption surveys. From Fig. 10 it can be perceived that the
adsorption capacity of the adsorbent increases with increas-
ing initial Cr(VI) concentration. This is due to the fact that
at higher initial chromium concentrations, more number
of metal ions is available for adsorption, and it develops
higher diving force to dominate the resistance against mass
transfer of the metal ions between the aqueous and solid
phase [2,34]. In addition, it is realized that the equilibrium
adsorption of Cr(VI) onto hybrid Fe-CDs occurred initially
fast and then gradually slowed according to obtained exper-
imental data. During the rapid step (the first 30 min) for ini-
tial concentration ranges from 10 to 100 mg/L, about 70%
of Cr(VI) adsorption is happened, which may be because of
the fast diffusion of metal ions from aqueous solution to the
external surface of the adsorbent [65]. Since the outer sur-
face area per unit mass increased in nano scale adsorbents,
most of the active sites are presented on the exterior surface
of the nano adsorbent and are easily available for adsorbate
molecules [34,66]. Gradual adsorption in the latter time
duration is probably due to the diffusion of the Cr(VI) ions
into the porous structure of the hybrid Fe-CDs [65]. The
adsorption equilibrium happened in 90 min for all initial
Cr(VI) concentrations in this study.

For understanding the kinetics adsorption mechanism
of Cr(VI) on hybrid Fe-CDs, both pseudo-first-order and
pseudo-second-order kinetic models were used to fit the

Table 3
Langmuir and Freundlich parameters for the adsorption of
Cr(VI) onto hybrid Fe—carbon dots

Isotherm Parameters Value
Langmuir q,,(mg/g) 81.97
b 0.277
R? 0.996
Freundlich 1/n 0.647
K, (mg/g)(L/mg)/» 16.077
R? 0971
70 —eo— 100 mg/l —m—75mg/l 50 mg/l 30 mg/l —e—10mg/l
60 - _°

50

q (mg/g)

0 20 40 60 8) 100 120 140 160 180
£ (min

Fig. 10. Time profile of Cr(VI) adsorption on hybrid Fe—carbon
dots for different initial chromium concentration.
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esulting data. These kinetic models can be characterized
using Egs. (6) and (7), respectively [2,58,66].

log(q, —4,) =logg, - )

y t
2.303

L_[L}L i
9 [ka:] . @
where g, (mg/g) represents equilibrium adsorption capac-
ity, g, (mg/g) is the amount of Cr(VI) adsorbed at time ¢, k,
(1/min) and k, (g/(mg min)) are the pseudo-first-order and
pseudo-second-order rate constant, respectively.

Figs. 11 and 12 depict the pseudo-first-order and pseu-
do-second-order model plots that the kinetic parameters ere

—o— 100 mg/l —e—75mg/l 50 mg/l 30 mg/l —e—10mg/l

log (q.-q)

Time (min)
Fig. 11. Pseudo—first-order kinetics of Cr(VI) on hybrid Fe—car-
bon dots.

30mg/l —e—10mg/l —e—50mg/l —e—75mg/l 100 mg/1

Time (min)

Fig. 12. Pseudo-second-order kinetics of Cr(VI) on hybrid Fe—
carbon dots.

Table 4

specified from the intercept and slope of linear line for the
plot of log (9-4,) and t/g, against t, respectively. Using Eq.
(8), the initial adsorption rate (V) can be calculated from
rate constants of the ¢/, vs. t plot of pseudo-second-order
model [34,67].

Vo= kzqez ®)

Mostly, pseudo-first-order kinetics does not conform
for the whole ranges of reaction time and probably is more
appropriate for the initial stage of the adsorption processes.
Besides, the calculated Q, values from this model are in a
relatively poor conformation with the obtained data from
the experiment (Q,, ,) at different chromium concentra-
tions. Table 4 shows the correlation coefficients and differ-
ent kinetic parameters of both the models.

According to the table, correlation coefficient (R?)
obtained from the pseudo-second order model are high
as compared to the pseudo-first order model. Also, for the
pseudo-second order model, the calculated Q, values agree
with the experimental data. Totally, pursuant to all these, the
adsorption of Cr(VI) onto hybrid Fe-CDs behaves accord-
ing to the pseudo-second order models. Prosperous agree-
ment of the obtained data with the pseudo-second-order
kinetic indicates that the rate-controlling step in the adsorp-
tion is mainly chemisorption [2,34,65,68], which occurred
probably owing to exchange of electrons between hybrid
Fe-CDs and Cr(VI) ions [6]. Table 5 indicates the compari-
son of BET surface area, pH, Q  and equilibrium time for
Cr(VI) adsorption on different adsorbents. Comparing the
obtained data from different literature establishes the fact
that hybrid Fe-CDs with a not very high surface area, also
has a good adsorption capacity and fast adsorption rate as
compared to other adsorbent materials. It suggests that this
kind of process cannot be described just by considering the
surface area. Li et al. and Dutta et al. reported that graphene
oxide shows higher adsorption capacity as compared to car-
bon nanotube; however, it has lower surface area than CNT.
Although, the surface area is a key factor in the adsorption
process, it seems that the diffusion resistance also is a deter-
minant agent in adsorption rate and capacity [34] .

3.5. Desorption experiments

The loaded nano adsorbent, which contains various
amounts of Cr(VI), cannot be disposed to the environment

Kinetic constants for the adsorption of Cr(VI) onto hybrid Fe—carbon dots

C,(mg/l) Pseudo-first-order model parameters Pseudo-second-order model parameters
Toca Toerp K, R? 9, K, R? Vs
(mg/g) (mg/g) (1/min) (mg/g) (g/(mg min)) (mg/g min)
10 5.67 6.33 0.021 0.989 7.0 0.0061 0977 0.3
30 14.84 19.33 0.0198 0.987 20.66 0.0028 0.988 1.19
50 229 32.73 0.033 0.959 35.09 0.0024 0.990 295
75 30.08 47.33 0.02 0910 50.25 0.0014 0.988 3.6
100 39.3 60.13 0.033 0.963 63.29 0.0017 0.995 7.05
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Table 5
Comparative investigation of Cr(VI) adsorption capacity using hybrid Fe—carbon dots with previously reported adsorbents
Adsorbent Seer Adsorbent pH Equilibrium  Q Reference
(m2g) concentration (g L) time (min) (mg g™)
THAC-Fe 920.13 15 2-3 90 11.83 [9]
Magnetite Nanoparticles 127 2 2 1500 20.2 [5]
AC-Fe 1156 1 5.38 800 34.39 [45]
Fe/CCMs-800 N.R* 1 3 120 75.3 [21]
N-enriched AC 1511 0.1 2 540 137 [69]
Mesoporous carbon microspheres 1061 0.2 3 1440 139 [6]
Mango kernel activated carbon 490.43 2.5 2 150 7.8 [70]
Hybrid Fe-CDs 234 1.5 2 90 81.97 This study
*Not reported
120 - phology of the synthesized carbon dots and hybrid Fe-CDs
Efiegh Eyegenerated was investigated using FESEM. EDX analysis was conducted
100 4 for determining the elemental composition of hybrid Fe-CDs

%% Cr(VI) removal

30
60 -
10
20
0 J
10 30 50 75

Initial Cr(VI) concentration (mg/1)

100

Fig. 11. Pseudo—first-order kinetics of Cr(VI) on hybrid Fe—car-
bon dots.

because of environmental protection requirements and restric-
tions. In addition, regeneration and reuse of the adsorbent
develops its cost-effectiveness for the removal of Cr(VI) ions.
As mentioned, Cr(VI) adsorption was conducted at different
initial concentrations of 10 to 100 mg L. Then, desorption
studies were carried out at the same Cr(VI) concentrations.
Fig.13 shows the percentage of Cr(VI) removal using fresh
and regenerated hybrid Fe-CDs adsorbent at various con-
centrations of Cr(VI). The figure clearly indicated that Cr(VI)
removal varies from 98.2% to 90.21% for fresh hybrid Fe-CDs
as compared to values corresponding to regenerated adsor-
bent ranging from 90.45% to 74% after 5 consecutive adsorp-
tion-desorption cycles. The obtained results in this study show
that it is possible to regenerate and reuse the hybrid Fe-CDs. It
is concluded that the adsorption of Cr(VI) onto hybrid Fe-CDs
is an example of physical adsorption and depends heavily on
the pH. So the desorption process of Cr(VI) involves enhance-
ment of the solution pH.

4. Conclusions

In the current study, hybrid Fe—carbon dots were fab-
ricated from molasses precursor using simple microwave
method, impregnated with phosphoric acid and activated
with FeCl, followed by pyrolysis under N, flow. The mor-

before and after of the Cr(VI) adsorption. The identification
of surface functional groups of hybrid nano adsorbent was
carried out using FTIR spectra. The specific surface area was
calculated to be 2.14 m? g™ and 233.7 m? g™ for carbon dots
and hybrid Fe-CDs respectively, during BET analysis. Using
hybrid Fe-CDs as the adsorbent, more than 95% Cr(VI)
removal was achieved. The maximum adsorption capacity
of Cr(VI) occurred at pH of 2.0 because of the protonation
of carbon surface under acidic condition. The adsorption
behavior of hybrid Fe-CDs followed both Langmuir (R?
> 0.996) and Freundlich (R*> 0.97) isotherms and Q, value
obtained as 81.97 mg g™'.Adsorption kinetics for Cr(VI) fol-
lowed the pseudo-second-order model very well and equilib-
rium was reached after about 90 min. Desorption studies was
conducted for five consecutive adsorption-desorption cycles
using dilute 1 N NaOH and 1 N HCI aqueous solutions at
different initial chromium concentrations of 10 to 100 mg L.
High desorption efficiency (from 74% to 90.45%) of Cr(VI)
was achieved for various initial chromium concentrations.
The obtained results confirmed that the synthesized hybrid
Fe-CDs is a low-cost and effective adsorbent for the removal
of Cr(VI) from contaminated waters. Also, the flexibility and
the regeneration of this hybrid nano-adsorbent make it suit-
able for the application in fixed bed column.
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