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Abstract

Graphitic carbon nitride (g-C;N,) was easily synthesized from melamine and subsequently sonicated to create exfoli-
ated g-C;N,. Samples were characterized with scanning electron and transmission electron microscopy, X-ray diffraction,
N, adsorption—desorption, and Fourier transformed infrared analysis. The un-exfoliated and exfoliated g-C;N, were both
assessed as adsorbents for the removal of Cu®**, Mn**, Zn>*, Pb**, Fe’*, and Cd** from synthetic solutions and acid mine
drainage (AMD) from the Sungun copper mine in Iran. Batch adsorption experiments were conducted to evaluate the adsorp-
tion process. The results indicated that the sorption capacities of the g-C;N, remarkably increased after sonication, apparently
indicating that the sorption mechanisms were largely due to chemical interactions between the metal ions and functional
groups on the g-C;N, surface. The kinetic study clarified that the adsorption process followed a pseudo-second-order kinetic
model. The sorption isotherms of all of the metal ions on the exfoliated g-C;N, correlated well with both Langmuir and
Freundlich adsorption isotherms. Sorption experiments using both the AMD and the multi-component solutions clarified
that exfoliated g-C;N, has good potential for AMD treatment.

Keywords g-C;N, - Sonication treatment - Adsorption process - Iran

Introduction

Removal of metal ions from industrial wastewater has
aroused global attention due to their adverse effect on the
environment and human health. The pollution of water
resources by the indiscriminate disposal of metals has been
causing escalating worldwide concerns over three centu-
ries of industrialization (Fu and Wang 2011; Rahimi and
Mohaghegh 2016; Ren et al. 2011; Srivastava and Majumder
2008). Acid mine drainage (AMD) and the metal ions from
mine waste and tailings leachates must be treated before its
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release to prevent contamination of the food chain (Akcil
and Koldas 2006; Skousen et al. 2017).

Many methods, including chemical precipitation (Fu and
Wang 2011; Huisman et al. 2006), sorption (Rahimi and
Mohaghegh 2016), reverse osmosis (Ning 2002), and ion
exchange (Cheng et al. 2010) have been proposed to eliminate
metal ions from water resources. Of these, adsorption is quite
interesting because of its low costs, ease of operation, and
wide adaptability. So far, several types of adsorbents, includ-
ing carbon nanotube-based composites (Wang et al. 2013),
activated carbon (Alslaibi et al. 2013), metal organic frame-
work (Rahimi and Mohaghegh 2017), zeolites (Motsi et al.
2009), biomaterials (Minamisawa et al. 2004), and graphene
(Zhao et al. 2011) have been investigated. However, the dif-
ficult procedures to synthesize these materials and modify
them have limited their commercial uses. Therefore, easily
synthesized, efficient adsorbent materials are still needed.

Carbon nitride is a metal-free material that has various
potential applications (Goettmann et al. 2006a, b). Based on
theoretical calculations, there are five crystalline structures
of carbon nitride, of which “g-C;N,” is the most stable allo-
trope of carbon nitride at ambient conditions (Hu et al. 2015;
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Shen et al. 2015). The -NH,/~NH-/=N functional groups of
g-C;N, can adsorb organic and inorganic molecules, includ-
ing metal ions (Hu et al. 2015; Shen et al. 2015; Yan et al.
2013). However, to the best of our knowledge, its potential
use to adsorb metal ions from AMD has not been studied.
The sorption characteristics and uptake efficiency of Cu**,
Fe**, Mn**, Zn>*, Cd**, and Pb** ions from aqueous solutions
similar to AMD from the Sungun copper mine using un-exfo-
liated and exfoliated g-C;N, nano-adsorbents were therefore
studied. The g-C;N, nano-adsorbents were characterized by
several techniques and the mechanism of metal ion sorption,
sorption kinetics, and isotherms were investigated. Experiments
to determine how well the g-C;N, nano-adsorbents worked
were performed using actual AMD from the Sungun mine.

Experimental
Materials

AMD wastewater from the Sungun mine was used to study
the sorption activity of the un-exfoliated and exfoliated
g-C;N, adsorbents. All of the materials used for adsorbent
fabrication were used without further purification.

Apparatus

The X-ray diffraction (XRD) patterns were produced
on a Philips X’ pert instrument using Cu Ko irradiation
(A=0.15406 nm) as the X-ray source. Morphological char-
acteristics were analysed by field emission scanning elec-
tron microscopy (FE-SEM, X130 model) and transmission
electron microscopy (TEM). Fourier transformed infrared
(FT-IR) spectra were used to investigate the surface func-
tional groups of the g-C;N, adsorbents. The specific surface
area and pore volume distributions of the adsorbents were
obtained at 77 K, based on the nitrogen adsorption—desorp-
tion isotherms. The metal ion concentrations in each sorp-
tion test were determined using a Shimadzu 6300 atomic
absorption spectrophotometer (AAS).

Fabrication of Un-exfoliated and Exfoliated g-C;N,

Un-exfoliated g-C;N, powders were fabricated by calcining
melamine, as previously reported (Li et al. 2013). The mela-
mine (6 g) was placed in a semi-closed crucible at 500 °C
in a muffle furnace (with a heating rate of 10 °C/min). The
crucible was maintained at this temperature for 4 h and then
it was heated to 520 °C at the same rate for 2 h. To exfoliate
the g-C;N,, the g-C;N, powder was dispersed in 30 mL of
deionized water by sonication for 3 h and then magnetically
stirred for 24 h. The resulting light-yellow products were
centrifuged to remove the residual un-exfoliated g-C;N,,.
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Sorption Batch Experiments

For the sorption tests, a circulating water jacket was placed
on the batch reactor to maintain a constant temperature. The
reactor was first filled with 200 mL of a synthesized solu-
tion, that included metal ions (Cu*?, Mn*?, Cd*?, Zn*?, Fe*3,
and Pb*? at concentrations of 228.1, 112.4, 35.9,91.7, 73.7,
and 35.1 mg/L, respectively) and then 0.1 g of one of the
adsorbents was fed into the reactor with stirring. At timed
intervals, 4 mL of solution was taken out, centrifuged, and
submitted for AAS analysis. By performing a proper mate-
rial balance, the quantity of ions adsorbed was determined
at regular time intervals.

For the AMD treatment, 1000 mL of AMD and 0.1 g
of the adsorbents were fed into the described reactor. The
Cu™?, Mn*?, Cd*2, Zn*?, Fe*? and Pb*? concentrations in the
Sungun AMD sample were 228.1, 112.4, 35.9, 91.7, 73.7,
and 35.1 mg/L, respectively.

Results and Discussion
XRD Analysis

The graphitic stacking structure of both the un-exfoliated
and exfoliated g-C;N, was investigated by XRD (Fig. 1). In
the case of the un-exfoliated g-C;N,, sharp and strong dif-
fraction peak at 28.1° corresponding to the (002) plan can be
ascribed to the stacking of the conjugated aromatic system
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Fig. 1 XRD pattern of the both un-exfoliated and exfoliated g-C;N,
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with a d-spacing of 0.317 nm. The peak around 13.02° is
related to the in-planar repeating motifs of a continuous hep-
tazine network with a d-value of 0.681 nm in g-C;N, crys-
tal (Hu et al. 2015; Shen et al. 2015). After exfoliation via
sonication, the intensity of the (002) peak greatly decreases,
obviously showing that un-exfoliated g-C;N, has been suc-
cessfully exfoliated.

FT-IR Spectroscopy

The FT-IR spectrum of exfoliated g-C;N, adsorbent is rep-
resented in Fig. 2a. The main absorption band at about 1409,
1462, 1573, and 1640 cm™! are assigned to the stretching
vibration modes of heptazine-derived rings (Fig. 2b). Peaks
at 1240 and 1320 cm™! correspond to the secondary and ter-
tiary (C-N) amine fragments, respectively. In addition, the
wide band at 3200 cm™! belongs to the stretching vibration
of -NH,— and -NH- (Hong et al. 2016; Li et al. 2017). The
residual H atoms bind to the edges of the g-C;N, sheets as
C-NH, and 2C-NH bonds. The band at 811 cm™" belongs to
the breathing mode of s-triazin (Fig. 2b; Hu et al. 2015). As

a reference, the FTIR spectrum of un-exfoliated g-C;N, was
also evaluated, but is not shown here. Obviously, the spec-
trum of the un-exfoliated g-C;N, is similar to that of exfoli-
ated g-C;N,, demonstrating that the exfoliated nanosheets
keep the same chemical structure as the un-exfoliated one.

SEM and TEM Analysis

The morphologies of the un-exfoliated g-C3N4 sample were
investigated by SEM and overlapping lamellar structures
were observed (Supplemental Fig. S-1). However, TEM
showed the completely lamellar morphologies of the exfo-
liated g-C3N4 (Supplemental Fig. S-2), demonstrating that
the exfoliation of bulk g-C3N4 was successful. These results
are consistent with the XRD results.

BET Surface Area Analysis
Table 1 shows the specific surface area and total pore volume

information for un-exfoliated and exfoliated g-C;N, nano-
adsorbents. High specific surface area is generally needed
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Table 1 Properties of the adsorbents

Adsorbents Sper (m* g1 Total pore
volume
(em’ g™

Un-exfoliated g-C3N, 196.0 0.38

Exfoliated g-C5Ny 243.2 0.80

to promote the adsorption of metal ions. As seen in Table 1,
exfoliated g-C;N, has a higher surface area than the un-
exfoliated g-C;N,.

Sorption Study

The sorption of metal ions on the un-exfoliated and exfoli-
ated g-C;N, adsorbents were studied (Fig. 3). The metal
ion uptake was higher with the exfoliated g-C;N, adsor-
bents than the un-exfoliated ones, indicating that sonica-
tion improved the adsorption, presumably by increasing the
surface area, although reactive amino groups on the surface
of exfoliated g-C;N, probably also contribute to the high
metal ion removals. Additionally, as seen in Fig. 3, sorption
efficiency increases quickly at the first contact time. This fast
sorption of the metal ions demonstrates that surface compl-
exation or chemical reaction is taking place (Hu et al. 2015;
Shen et al. 2015), along with interaction of the metal ions
with the nitrogen- and carbon-containing functional groups
of the g-C;N,. Thus, inner-sphere surface complexation suit-
ably explains this fast sorption. The total removal processes
of metal ions with the exfoliated g-C;N, are schematically
represented in Fig. 4.

Kinetics Studies

To better evaluate the sorption mechanism, the experimental
data were fit to a pseudo-second-order rate model (Eq. 1).
A pseudo-second-order rate model is consistent with the
assumption that the determining rate step may be chemi-
cal sorption (valence forces formed by electronic interac-
tion between the adsorbents and adsorbates) (Hu et al. 2015;
Rahimi and Mohaghegh 2016; Shen et al. 2015).

dq 2
— =k(q. — 1
- =K@ - (1)
Separating the variables in Eq. 1 yields:
dq,
—— =kdt 2)
(qe - qt)2

where ¢, is the amount of adsorbed per unit mass at equi-
librium, q, is the amount of metal ions adsorbed at time t
(mg g~! adsorbent) and k is the second order rate constant
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Fig.3 Removal efficiency of metal ions from synthetic solu-
tion with a un-exfoliated and b exfoliated g-C;N, (pH 7, Contact
time = 120 min, T=25 °C)

(g mg~! min~!). A linear form of the typical second-order
rate equation is represented by Eq. 3, in which x can be
evaluated from Eq. 4:

9q X Qe )
x = kq; @

The pseudo-second-order model constants can be calcu-
lated from the linear plots ofqL versus time t (Fig. 5).

The aforementioned equations account for the wide range
of results and can be used to analyse the isotherm data. The
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Fig.4 Total removal processes
of metal ions with exfoliated
g-C;N, nanoadsorbents
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Fig.5 Pseudo-second-order kinetic plots for ion sorption onto both un-exfoliated and exfoliated g-C;N,

experimental data were simulated using the Langmuir and  Removal of Toxic Metal lons from Natural AMD
Freundlich isotherm models. The equations used in the Lang-  Wastewater

muir and Freundlich adsorption isotherm study are defined

in Table 2. The sorption data were fit into both the linearized ~ To further investigate how the exfoliated g-C;N, works as
Langmuir and Freundlich models; the results are illustrated  an adsorbent, actual AMD wastewater was gathered from

in Table 3.

the low-grade sulphur deposit at the Sungun copper mine.
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Table 2 Mathematical

; A . Models Linear Eq. Plot Calculated coefficient
equations applied in adsorption
isotherm study of metal Lanemui C 1 ¢ C Slope
. R gmuir e — = = C K, = —
ions onto exfoliated g-C;N, 9 9mKe + qr q St L™ Tntercept
nanoadsorbents qm = Slope’l
Freundlich IOg q.= 10g KF + % LOg q. Vs lOg Ce KF — lolmercept
" n=Slope~!

C, is the metal ion concentration (mg/L) at equilibrium; q, is the amount of metal ions adsorbed per gram
of adsorbent at equilibrium (mg/g of adsorbent)

Table 3 Isotherm parameters of

Cu®* Zn2* and Pb2* adsorofi Metal ion Langmuir Model Freundlich model
u“t, Zn“*, an adsorption
on the exfoliated g-C;N, A K. R? 1 Kg R?
Pb** 88 6.0 x 1073 0.970 0.47 3.5 0.902
Cu** 232 6.3 x 1073 0.984 0.44 113 0.925
Zn>* 141 1.6 x 1072 0.992 0.27 23.9 0.990
Fig.6 Comparison of AMD 245
removal between unexfoliated 250 ~
and exfoliated g-C;N, (contact M un-exfoliated g-C3N4
time = 120 min, T=25 °C) .
200 - M exfoliated g-C3N4
165
@ 150 -
od
£ 101
o 100 -
64
47
50 - l
0 “d T T T T T 1
Mn Cu Zn Fe Ccd Pb

As seen in Fig. 6, the exfoliated g-C;N, nano-adsorbents
efficiently removed the metals.

Reusability and Cost Assessment

Reusability through adsorption/desorption cycles for metal
ions is an important factor for long-term sorbent applica-
tions. So, the recycling times of g-C;N, for metal ion remov-
als were studied (6—12 cycles). After sorption, desorption
was performed via washing the g-C5N, with HCI or HNO,
solution, it was thoroughly rinsed with water, then dried,
and reused. The sorption capacity of the exfoliated g-C;N,
decreased slightly for all metal ions after six cycles of regen-
eration/reuse tests, with increasing reuse. These results indi-
cate that g-C;N, is chemically stable and reusable, and is a
promising candidate for cyclic removal of metal ions from
aqueous solutions.

The estimated investment and operational costs (includ-
ing both fixed and variable costs) ranged from 0.04 $/m? of
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water treated, if the g-C;N, is used 12 times, to 0.08 $/m? if
the g-C;N, is used six times. The highest component of the
variable costs is raw materials; fixed costs include lab sup-
plies and packaging. These cost estimates are compared with
those of other advanced wastewater treatment technologies
in Supplemental Table 1.

Conclusions

Un-exfoliated graphitic carbon nitride (g-C5N,) was pre-
pared using a simple thermal decomposition approach and
subsequently exfoliated by sonication. Both the un-exfoli-
ated and exfoliated g-C;N, was characterized. The sorption
behavior of the as-synthesized g-C;N, was investigated for
the uptake of metal ions from a prepared aqueous solution
and actual samples of mine-related AMD (from the Sungun
copper mine). The results indicated that the sorption capaci-
ties of the g-C;N, remarkably increased after exfoliation.
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Additionally, the findings revealed that the sorbent prop-
erties such as high surface area, morphology, and specific
functional groups (binding sites) strongly influence removal
efficiency. The sorption processes for all of the metal ions
followed second-order kinetics, and the sorption isotherms
could be simulated well by both the Langmuir and Freun-
dlich adsorption isotherms based on the correlation coeffi-
cients (R?). However, the Langmuir model fits the metal ion
sorption isotherms much better than the Freundlich model.
Interestingly, the ion removal results from the actual AMD
showed that the g-C;N, has great potential as an adsorbent
for the pre-concentration of metal ions. Additionally, the
sorption mechanisms appear to be mainly attributable to
chemical interactions between the metal ions and the g-C;N,
surface. Therefore, the inner-sphere surface complexation
mechanism satisfactorily explained this fast sorption.
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