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ABSTRACT

Modification of activated carbon in order to enhance heavy metal removal is one of the
most efficient methods. Here, the effect of pre-oxidation on ammoxidation of commercial
activated carbon was introduced. Then, influence of these modifications on the characteris-
tics and adsorption properties of activated carbon toward Cu(Il) was investigated. Charac-
terization of samples was performed by several analyses. The ammoxidation with two
methods results in the introduction of new nitrogen functional groups in the structure of
the activated carbon, but also changes the acid-base character of their surface and deterio-
rates their textural parameters slightly. Introduction of nitrogen into the structure of acti-
vated carbons improves their adsorption capacity toward Cu(ll). The best adsorption
capacity is obtained for the ammoxidized activated carbon with pre-oxidation.
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1. Introduction

Activated carbon is a traditional porous adsorbent
with specific physical properties such as developed
surface area, high porosity, suitable pore size distribu-
tion, and also the surface functional groups. Func-
tional groups have significant influences on the
adsorption properties of this material [1,2]. One of the
most important advantages of using activated carbon
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in wastewater treatment is removal ability for both
inorganic and organic pollutants.

Unfortunately, Cu has an accumulative and
unbreakable nature which can cause many problems
in human health and the environment. Drinking water
with a high amount of Cu may cause illnesses such as
vomiting, diarrhea, stomach cramp, and nausea [3].
According to the Water Sanitation and Hygiene guide-
line attached to the World Health Organization
(WHO), the permissible concentration of Cu is
1.5mgL™". Therefore, developing new methods to
remove heavy metals from aqueous solution is critical
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[4-7]. One of the traditional methods used for the
removal of heavy metals has been the adsorption with
activated carbon [8-16]. However, activated carbons
are more effective for adsorption of organic
compounds rather than metal ions and inorganic
pollutants. Therefore, activated carbon modification is
seems to be necessary [13]. For this reason, recently,
several modification techniques have been proposed
to boost the surface adsorption affinity and selectivity
toward metal ions [17-21].

Several studies have been carried out on the prepa-
ration of modified activated carbon by incorporation
of nitrogen with the aim of developing new adsor-
bents [22-25]. Recently, some works have been con-
ducted to modify activated carbon with nitrogen in
order to enhance the adsorption of heavy metal ions
[26,27], but few of them have been conducted for
modification toward removing copper ions from water
[27]. In our previous work, we discussed the amina-
tion of activated carbon and investigated its effect on
copper ion removal [2]. Ammoxidation is another
route to obtain nitrogen enriched adsorbents [28-31].
During ammoxidation, ammonia reacts with the oxy-
gen groups present on the carbon surface, and forms
ammonium salts and amine groups, which convert to
amides, nitriles, and pyridine- and pyrrol-like func-
tional groups, through the dehydration and dehydro-
genation reactions [32,22].

In this work, two different ammoxidation
methods were studied for the preparation of amm-
oxidized activated carbon to survey the effects of
pre-oxidation on the ammoxidation. The first method
was ammoxidation without any pretreatment and
the other method was pre-oxidation of activated car-
bon before ammoxidation. The purpose for oxidation
of activated carbon prior to ammoxidation was
firstly, for producing a substrate with the potential
to be converted to the desired functional groups and
secondly, for introducing higher amounts of both
oxygen and nitrogen functional groups to the sur-
face of the activated carbon. Characterizations of
functional groups, surface area, and also the
adsorption affinity of samples toward copper ions
have been investigated.

2. Experimental
2.1. Materials

The starting activated carbon, which was donated
as SAE, and is commercially available, was purchased
from Norit Company (SAE SUPER) with a 425 kg m™>
apparent density and 15 um particle size (Dsp). Other
reagents were purchased from Merck.
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2.2. Modification procedure

The ammoxidation procedure was carried out
through two different approaches in this study: (i) am-
moxidation of non-oxidized activated carbon and (ii)
ammoxidation of oxidized activated carbon with nitric
acid.

2.2.1. Pretreatment with nitric acid

In order to carry out oxidation of activated carbon
before the ammoxidation, 10 g of washed and dried
activated carbon [19] was mixed with 100 mL solution
of nitric acid (5 M) and distilled water at a ratio of
1:10 (v/v). Then, it was heated at 358 K for 5h by a
heater and oxidation was continued with stirring at
250 rpm. Afterward, the oxidized carbons were
washed with distilled water in a Soxhlet apparatus,
until the pH of the residue was fixed at 6. Finally, the
oxidized sample was dried in an oven at 383 K for
12 h, and was denoted as ACO.

2.2.2. Ammoxidation procedure

The ammoxidation of activated carbons was
accomplished in a quartz tube reactor where a flow of
ammonia and air circulates at a ratio of 3:1 (v/v). In
each test, about 3-5g of ACO or SAE was weighed
and placed in ceramic boats at the center of an electric
furnace quartz tube. The temperature was raised with
the heating rate of 10 Kmin™' from ambient tempera-
ture to 573 K. For the rising step, nitrogen gas (%99.99
purity) with a flow rate of 100 cm® min™' was
employed. Then, when the samples reached the target
temperature (573 K), the flowing gas was changed to
NH; (%99.99) with a flow rate of 150 cm® min~! and
air with a flow rate of 50 cm® min~'. These two gases
were blown from the beginning of the tube. The sam-
ples were kept at the target temperature for 5h and
cooled to ambient temperature under this atmosphere.
Afterward, the samples were placed in a desiccator
and ready for further characterization and adsorption
tests. The ammoxidized sample with pre-oxidation
was denoted as ACOOX and without pre-oxidation
was denoted as ACOX.

2.3. Characterization
2.3.1. Elemental analysis

All samples were analyzed by an elemental
analyzer (model Carlo Ebra 1106). The samples were
weighed accurately on an aluminum foil and then put
into the instrument. Prior to the flash combustion
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process, the system was purged with helium carrier
gas. Flash combustion was performed at 2,073 K, and
the gaseous combustion products were quantified
using a thermal conductivity detector. Results were
obtained as percentages of carbon, hydrogen, and
nitrogen. The oxygen content was determined by the
differentiation method.

2.3.2. Fourier transform infrared spectroscopy

The PerkinElmer spectrophotometer instrument
(model Paragon 1000PC) was applied for Fourier
transform infrared spectroscopy (FTIR) analysis of
samples. At first, the samples were dried under vac-
uum at 423 K, and then were grounded with KBr salt
followed by compression between two stainless steel
cylinders in order to form a thin transparent solid
film. The samples were kept purging with nitrogen
during the entire experiment. The spectrometer col-
lected 64 spectra in the range of 400-4,000 cm ™" with a
resolution of 4 cm™" and 100 scans.

2.3.3. Porosity properties

Nitrogen adsorption was carried out with a
Quantachrom NOVA 1000 instrument equipped with
commercial software of analysis and calculation. Ini-
tially, all samples were out gassed at 423 K for 2 h
under vacuum prior to the N, adsorption/desorption
tests. By the Brunauer—-Emmett-Teller (BET) equation,
specific surface area was calculated based on assump-
tion that a nitrogen molecule surface area is 0.162 nm
[33]. The total pore volume and the volume and
surface area of micro- and mesopores were also
determined.

2.3.4. Determination of pH.,.

The point of zero charge measurement for samples
was carried out according to the method suggested by
Noh and Schwarz [34]. This method was conducted
by recording the obtained equilibrium pH, before and
after shaking the suspensions of carbon samples in
distilled water for 24 h. The initial pHs of the suspen-
sions were selected in the range of 2-11. After measur-
ing the equilibrium pHs, the limiting values were
taken as the pH,,..

2.3.5. Temperature programmed desorption

In order to study the properties of surface chemis-
try of the carbons, Temperature programmed desorp-
tion (TPD) tests were carried out with heating rate of
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15K min ! up to 1,273 K, with a Ar flow rate of
50 cm® min~'. Approximately, 200 mg of samples were
placed in a quartz reactor connected to a quadruple
mass spectrometer (Dycor, Model M200) for measur-
ing the evolved gases.

2.4. Cu(Il) adsorption experiments

The removal capacity of copper (Cu(ll)) from aque-
ous solutions of commercial activated carbon (SAE),
oxidized activated carbon (ACQO), and the ammoxi-
dized carbons (ACOOX and ACOX) was determined
during a batch mode adsorption experiment. Stock
solution of 1,000 mg L™ Cu(Il) ions was prepared by
dissolving of 2.12 g CuCl, in deionized water, acidi-
fied by 5mL of concentrated HCI, and then diluting
to 1 L volume.

In order to compare the rate and capacity of Cu(Il)
adsorption by the produced activated carbons, the
kinetic and equilibrium experiments were carried out.
In the kinetic tests, 0.01 g of adsorbent was added to a
number of 50 mL glass flasks consist of 30 mL of
Cu(l) solution with the initial concentration of
40 mg L. Then, they were shaken at 150 rpm at
298 K, and after certain amount of time, 4 mL of the
solutions were sampled by a 10 mL plastic syringe and
were filtered by a Whatman No. 42. Samples were ana-
lyzed for copper concentration using an atomic absorp-
tion spectrophotometer (PerkinElmer, A Analys-300).

After that, adsorbents were added into a series of
100 mL glass bottles with the initial pH of (~6.0) with
respect to this fact that the precipitation of Cu(Il) ions
with hydroxide ions would be occurred at pH>6
[35]. The equilibrium isotherm of Cu(Il) adsorption
was established and shacked at 150 rpm at 298 K for
24 h, and after that the solutions were filtered and
analyzed using an atomic absorption spectrophotome-
ter. All the above procedures were repeated three
times and the average values were reported.

3. Results and discussion
3.1. Porosity properties of adsorbents

Table 1 shows porous texture properties of differ-
ent studied activated carbon samples. The results indi-
cated that after ammoxidation procedure, the surface
BET areas of oxidized and ACOOX and ACOX have
little reduction. Also, SAE carbon has higher surface
area compared to ACO, ACOOX, and ACOX. The
smaller BET surface area can be related to ammonia,
and air treatment at high temperatures that simulta-
neously cause an increase in the mesoporosity of car-
bons that is called the etching effect. This
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Table 1

Comparison of the porous texture of virgin and modified activated carbons

Samples SAE ACO ACOX ACOOX
Sper (M* g ™) 1,180 1,050 956 789
Microporous volume (cm® g™") 0.38 0.23 0.34 0.28
Mesoporous volume (cm® g™') 0.17 0.06 0.09 0.05
Total volume (cm® g™") 0.55 0.29 0.48 0.33
PH.pc 6.52 5.94 7.15 6.92

phenomenon causes a decrease in the contribution of
micropores in the structure of activated carbons, so
after this ammoxidation, the surface area was
decreased [36]. As a result of acid treatment, it can be
seen that the surface area and porous texture of the
ACOOX sample were decreased more compared with
ACOX, so it can be concluded that acid treatment can
partly damage some micropores of the activated
carbon [37].

Nitrogen adsorption isotherm (Fig. 1) clearly
shows that all ammoxidized samples have less devel-
oped porous texture and BET surface area. This limita-
tion is particularly visible in the range of
mesoporosity. Since the thermal conditions of ammox-
idation were identical for all samples, we may sup-
pose that the limitation of porous texture’s
development is due to heteroatoms added during am-
moxidation. Probably, the presence of nitrogen and
oxygen functional groups in structure has a blocking
effect on activated carbon. Based on this assumption,
the highest blocking effect occurred for ammoxidation
with highest efficiency where heteroatoms were intro-
duced to the precursor highly.
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Fig. 1. Nitrogen adsorption isotherms obtained for carbon
materials.

3.2. Elemental analysis of adsorbent

The results of elemental analysis of all samples
were shown in Table 2. The elemental analysis indi-
cated that there is a considerable increase in the nitro-
gen content of adsorbent (in the form of basic
nitrogenated functions). As expected in this work,
both procedures have a relatively high ability for
introducing nitrogen into the structure of activated
carbons. Thus, it can be considered as the efficient
method for ammoxidation of materials. On the other
hand, as seen in Table 2, the ACO could be an appro-
priate precursor for modifying activated carbon
according to low ash and volatile matter content but
high carbon content. The ammoxidized samples pres-
ent lower volatile matter than the SAE (original car-
bon) due to the heat treatment and surface reactions.
Thus, it can be revealed that pre-oxidation of the sam-
ple was effective. As indicated in Table 2, the ACOOX
sample that underwent pre-oxidation and then
exposure to ammonia and oxygen gas, leads to
produce an adsorbent with a nitrogen content of about
2.4 times higher than ACOX that was prepared with
ordinary methods. This increase in the nitrogen con-
tent in adsorbent reveals the extensive effect of the
pre-oxidation on ammoxidation. The reason for the
higher efficiency of ammoxidation is oxygen func-
tional groups that bonded to the graphite sheet in the
pre-oxidation stage. In the ammoxidation stage, oxy-
gen functional groups probably play reactive sites that

Table 2
Elemental analysis of virgin and modified activated
carbons

Proximate

analysis

(wt.%, db) Ultimate analysis (wt.%, daf)
Samples VM Ash C% H% N% 0%
SAE 13.6 4.7 82.5 0.3 0.1 17.1
ACO 13.1 3.2 81.6 0.2 0.1 18.1
ACOX 8.2 5.3 80.2 0.2 1.3 18.3
ACOOX 10.7 4.3 77.1 0.2 3.1 19.6
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stabilize nitrogen functional groups. Therefore, more
nitrogen containing functional groups on the surface
of ACOOX are consequences of the oxygen content of
the pre-oxidized sample (more than SAE activated
carbon) were replaced with NH3 molecules in the
ammoxidation stage.

3.3. pH of zero point charge (pH.,)

The results for determination of pH,,. were given
in Table 1. Clearly, ammoxidation causes a shift in
pH_p. because of the presence of basic nitrogen func-
tionalities. Moreover, during ammoxidation, acidic
oxygen groups are consumed in the reaction, so
ACOOX has a higher pH,,. compared with ACO.
However, this increase is not very significant to drive
this conclusion that ammoxidation is in favor of amide
formation which has very weak basic properties.
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3.4. Temperature programmed desorption

Fig. 2 illustrates evolved NH;, HCN, CO, and CO,
gases. Two distinct maxima for NH; emissions can
approximately be seen at 500 and 980 K. The pick at
500 K comes from the decomposition of labile amines,
while pick at 980 K comes from the decomposition of
amides and lactams [25,26]. The maximum pick of
HCN emissions is at around 1,220 K. This emission
probably comes from the decomposition of nitriles,
but also it may have come from the decomposition of
amides, lactams, and imides [25,26]. The ammoxidized
samples showed a maximum pick in the spectra of
CO emission at 950 K that is outside the temperature
range of the starting carbons (SAE, ACO). Since the
CO and NH; emission are approximately similar at
this range of temperature, it can be inferred that
decomposition of amide-like functionalities is probable
[26]. From CO, profiles, replacement of CO,-evolving
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Fig. 2. CO, (a), CO (b), HCN (c), and NH; (d) evolution profiles of samples during heating at 15 K min™! up to

1,300 K min! in 50 em® min™! of Ar.
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groups (carboxyls, anhydrides, and lactones) with
other functional groups during ammoxidation is
obvious.

3.5. Fourier transform infrared spectroscopy

Using FTIR analysis, the functional groups of the
activated carbons were studied. The resultant spectra
are shown in Fig. 3. Peaks seen in near 1,600 cm
corresponding to the aromatic ring stretching of both
C=C and C=N groups. The bands at 1,512, 1,540, and
1,570 cm™" are possibly due to pyridinic, pyridonic,
and pyrrolic (or indolic) structures [38]. Another peak
is a relatively small peak for C=O stretch vibrations
around 1,700 cm™!. From the obtained data in Fig. 3, it
can be concluded that the ammoxidation of SAE and
ACO has led to the elimination of carboxylic acid
groups from the surface of these samples. This conclu-
sion can be implied by the disappearance of the
1,717 cm™" band in the spectra of ACOX and ACOOX
samples that existed in the spectrum of the SAE and
ACO samples.

Small peaks around 1,650 cm~ show that amides
may be present on the surface of the activated carbon,
while the slightly more intense peaks around
1,710 cm ™}, predominantly for ACOOX and ACOX,

1
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Fig. 3. The FTIR spectra of virgin (SAE) and modified
activated carbons.
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likely indicate the presence of lactams. Imides show
absorbance at a somewhat lower wavenumber (near
1,600 cm™!). Detection of imides due to the other
strong absorbances is quite difficult.

3.6. Cu(ll) adsorption tests

In Fig. 4, the adsorption of Cu(ll) from aqueous
phase versus time was shown. As expected, the initial
adsorption rate of ACOOX and ACOX is larger than
the virgin (SAE) and oxidized (ACO) samples; and
adsorption rate of ACOOX is above all. This higher
adsorption rate can be connected to the effect of pre-
oxidation on ammoxidation that causes higher amount
of nitrogen-containing functional groups to be intro-
duced on the surface of ACOOX. On the other hand,
this high amount of nitrogen containing functional
groups and less surface area of ACOOX compared
with other samples indicated that adsorption was
occurred mostly chemically, so chemisorptions were
more effective than physisorption in this case.

It can be seen that in less than 1 h, the process was
achieved at a 35-45% removal capacity, and the
adsorption was then gradually reached at a steady
state condition. The kinetically rapid adsorption by
ACOOX implied the generation of strong Cu-binding
to the surface sites.

Equilibrium adsorption tests were carried out to
define the Cu(ll) adsorption capacity of the ammoxi-
dized activated carbons. The results were shown by
plotting the equilibrium adsorption capacity of adsor-
bents g.[=V(Cy — Co)/M] vs. C. as shown in Fig. 5. Cy
and C, are the initial and equilibrium concentrations
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Fig. 4. Percentages of Cu(ll) adsorption as a function of
contact time; operating conditions: ¢ =24 h; pH = 6.0; and
T =298 K.
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Fig. 5. Equilibrium isotherm of the Cu®** adsorption;
operating conditions: t =24 h; pH = 6.0; and T = 298 K.

of Cu(l) ion in the solution, V is the volume of solu-
tion, and m is the weight of the adsorbent.

The adsorption isotherm of copper ions onto the
different activated carbons is shown in Fig. 5. In com-
parison with the Giles classification system [39], it can
be concluded that adsorption isotherm of copper ions
onto this adsorbents corresponds to L-type sorption
isotherm. The initial slope of L curve shows that the
adsorbate has a high affinity for the surface. As more
sites in the adsorbent are filled it becomes increasingly
difficult for a solute molecule to find a vacant site.

Also, it can be observed from Fig. 5 that the
amount of Cu(Il) ions adsorbed by ammoxidized acti-
vated carbons (ACOOX and ACOX) at equilibrium
conditions is higher than the SAE and ACO samples.

The presence of functionalities, such as imines
(pyridine), lactams, and amides (pyrrole), in the struc-
ture of modified activated carbons is an account for
the high adsorptive capacity of ACCOX & ACOX due
to the formation of strong Cu-bands with -NH2 and -
NH functional groups on the adsorbent surface as a
result of ammoxidation treatment. Therefore, ammoxi-
dation treatment has considerable enhancement on the
capacity of activated carbons toward adsorption of
Cu(II) ions. Meanwhile, the higher nitrogen containing
functional group in the ACOOX sample has a signifi-
cant effect on the equilibrium adsorption capacity
toward Cu(Il).

Besides, the amount of Cu(ll) adsorbed by oxi-
dized sample (ACO) at equilibrium conditions is
higher than the SAE sample. It can be explained by
differences at the zero point of charge (pH,,.) for the
adsorbents that was determined as 6.52 and 594 for
SAE and ACO, respectively. pH,,. is the point at
which the net charge of the adsorbent is zero. While
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pH of solution was 6 and higher than pH,,. for ACO
sample, the carboxylic acids on surface of activated
carbon adsorbent act as a negative surface and attract
the positively charged Cu(ll) ions. Generally, the net
positive charge decreases with increasing pH value
and leads to decrease in the repulsion between the
adsorbent surface and metal ions, and as a result
enhances the adsorption capacity [35]. Whereas, pH, .
of both ACOX and ACOOX is higher than 6, thus, the
carboxylic acid on the surface of these samples is
charged positively, and activated carbon adsorbent
acts as a positive surface and repulses the positively
charged Cu(l) ions. It is obvious that another adsorp-
tion behavior is probable for ACOX and ACOOX sam-
ples. The nitrogen functional groups, like pyridinic,
amine, pyrrolic, and pyridonic groups fixed on the
ACOX and ACOOQOX, gave a basic characteristic to it.
This basic nature could strengthen the reaction of acti-
vated carbon surface with Cu (II) ions according to
the acid-base Lewis theory [2].

4. Conclusions

Ammoxidation of activated carbons was carried
out by two different methods in order to investigate
the effect of pre-oxidation on ammoxidation of acti-
vated carbons. It was indicated that pre-oxidation of
activated carbon prior to ammoxidation leads to pro-
duction of higher amounts of nitrogen and oxygen
content at the same time, rather than ammoxidation
without pre-oxidation. The variety of characterization
techniques leads to the experimental observation that
the pretreatment with HNO; prior to ammoxidation
results in increasing nitrogen content, probably in the
form of amines and amides, as compared with am-
moxidation alone. In addition, according to the Lewis
Acid and Base theory, non-bonding pair electrons on
the nitrogen atoms can act like a base to bond with
copper ions through its empty orbital. As a result of
this affinity, the adsorption capacity for Cu(ll) was
enhanced in case of ammoxidized adsorbents. This
higher adsorption capacity is a consequence of the
basic nature of nitrogen functional groups such as py-
ridinic, amine, amide, pyrrolic, and pyridonic groups.
In addition to the obvious existence of these functional
groups on ACOOX samples, the amount of carboxylic
and lactonic and phenolic groups was also noticeable.
Lactones and carboxylic acids seem to react with
ammonia to give amide functions.

The Cu(ll) adsorption tests showed that the amm-
oxidized activated carbons, according to the method
proposed in this work, could adsorb Cu(Il) ions with
a higher initial rate and greater capacity than the
virgin adsorbent.
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