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Abstract Recently, modification of surface structure of acti-
vated carbons in order to improve their adsorption perfor-
mance toward especial pollutants has gained great interest.
Oxygen-containing functional groups have been devoted as
the main responsible for heavy metal binding on the activated
carbon surface; their introduction or enhancement needs spe-
cific modification and impregnation methods. In the present
work, olive stones activated carbon (COSAC) undergoes sur-
face modifications in gaseous phase using ozone (O;) and in
liquid phase using nitric acid (HNOj3). The activated carbon
samples were characterized using N, adsorption—desorption
isotherm, SEM, pHpzc, FTIR, and Boehm titration. The acti-
vated carbon parent (COSAC) has a high surface area of
1194 m?*/g and shows a predominantly microporous structure.
Oxidation treatments with nitric acid and ozone show a de-
crease in both specific surface area and micropore volumes,
whereas these acidic treatments have led to a fixation of high
amount of surface oxygen functional groups, thus making the
carbon surface more hydrophilic. Activated carbon samples
were used as an adsorbent matrix for the removal of Co(II),
Ni(II), and Cu(Il) heavy metal ions from aqueous solutions.
Adsorption isotherms were obtained at 30 °C, and the data are
well fitted to the Redlich—Peterson and Langmuir equation.
Results show that oxidized COSACs, especially
COSAC(HNO3), are capable to remove more Co(II), Cu(Il),

Responsible editor: Philippe Garrigues

P4 Thouraya Bohli
bohlithouraya@gmail.com

Abdelmottaleb Ouederni
mottaleb.ouederni@enig.mu.tn

Laboratory of Research: Process Engineering and Industrial Systems
(LR11ES54), National School of Engineers of Gabes, University of
Gabes, 6026 Gabeés, Tunisia

@ Springer

and Ni(IT) from aqueous solution. Nitric acid-oxidized olive
stones activated carbon was tested in its ability to remove
metal ions from binary systems and results show an important
maximum adsorbed amount as compared to single systems.

Keywords Surface modification - Oxygen functional groups -
Olive stones activated carbon - Heavy metals - Adsorption

Nomenclature

COSAC Olive stones activated carbon prepared by
chemical activation using phosphoric acid

COSAC(HNO3) Oxidized olive stones activated carbon
with nitric acid

COSAC(03) Oxidized olive stones activated carbon
with ozone

Ox-COSAC Oxidized olive stones activated carbon

ICP-AES Inductively coupled plasma atomic emis-
sion spectrometry

FTIR Fourier transformed infrared spectroscopy

SEM Scanning electron microscope

A, B Redlich—Peterson parameters (L/g) and
(L/mol)®

q Adsorption amount (mmol/g)

gy Adsorption uptake from binary system
(mmol/g)

single Adsorption uptake from single solution

(mmol/g)

Ky Freundlich parameter (mmol/L)(L/g)""™

n Freundlich constant

C Liquid phase concentration of metal ion
concentration (mmol/L)

Ky Langmuir parameter (L/mmol)

m The mass of adsorbent (g)

Vv Volume of metal ion solution (L)
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Greek letters

[ Redlich—Peterson constant
Subscripts

E Equilibrium

exp  Experimental value

cal Value calculated by the model
] Sips model

maxs Maximum adsorbed quantity
PZC  Point of zero charge

ts At time, ¢ (min)

tots  Total adsorbed

0 Initial

Introduction

Nowadays, water pollution has been the major challenge
to environmental researchers due to the release of dif-
ferent types of hazardous pollutants from various chem-
ical industries. Heavy metals are the main pollutants
that raise particular concern. Among various heavy
metals, copper, nickel, and cobalt are non-biodegrad-
able, hazardous, toxic, carcinogenic, and can cause ill-
ness in humans and can be fatal even at diluted con-
centrations (Kawarada et al. 2005). Several methods
have been used for heavy metal removal such as chem-
ical precipitation, ion exchange, membrane filtration,
electrolytic method, coagulation, reverse osmosis, and
adsorption (Fu and Wang (2011); Vitela-Rodriguez and
Rangel-Mendez (2013)). Among these processes, the
most promising efficient technique has been identified
as adsorption with a suitable adsorbent. Porous activated
carbon is one of the most widely used adsorbents for
heavy metal removal from water and wastewaters;
thanks to its higher performance related to physical
and chemical properties such as surface area, pore vol-
ume, pore size distribution, and surface functional
groups (Kasnejad et al. 2012; Bohli et al. 2015). Texture charac-
teristics of porous carbon could be controlled by activation con-
ditions (activation agent, temperature, and time), precur-
sor, etc. The surface chemical functional groups were
mainly derived from activation process, precursor, heat
treatment, and post-chemical treatment (Ceyhan et al.
2013). Heavy metal adsorption investigated on modified
activated carbon indicated that the adsorbed amount of
metal ions depends strongly on the nature and quantity
of acid-base functionalities (Biniak et al. 1999; Bansal
and Goyal 2005; Zhang et al. 2015). It was devoted by
some researches that oxygen functional groups, mainly
acid ones, play an important role in cations binding on
the activated carbon surface (Li et al. 2003; Zhang et al.
2005; Brasquet et al. 2002). An activated carbon with
the highest amount of carboxylic function and with the

lower pH,,. adsorbs more heavy metals (Brasquet et al.
2002). Surface chemistry could be modified by various
methods, such as acid treatment, oxidization, plasma,
and microwave treatment. Oxidation is one of the most
conventional modification technique used to induce or
enhance oxygen functional groups on the surface of ac-
tivated carbon such as carboxylic, lactones, phenols, ke-
tones, quinones, hydroxyl, and carboxylic anhydride
(Bansal and Goyal 2005), it can also remove the min-
eral elements and improve the hydrophilic of surface
(Shen et al. 2008). These acidic surface groups are po-
lar and enhance the ion exchange properties of the car-
bon, thereby increasing the adsorption of cation (Bansal
and Goyal 2005). Oxidation of activated carbon can be
performed in gaseous phase (dry oxidation) or in liquid
phase (wet oxidation). In dry oxidation, an oxidizing
gas such as stream, nonthermal plasma oxygen (Zhang
et al. 2015), carbon dioxide (CO,), and ozone (O3)
(Kohl et al. 2009; Valdés et al. 2002; Sivaraju and
Begum 2013) are used. While in wet oxidation, liquid
oxidizing agents such as hydrogen peroxide (H,O,)
(Garcia et al. 2004), chloridric acid (HCI) (Wang and
Zhu 2007), sulfuric acid (H,SO4) (Alvarez-Merino
et al. 2005), and nitric acid (HNO3) (Jia and Thomas
2000) are applied. Many publications have been inter-
ested in the oxidation of activated carbons using HNO;
or ozone (Pereira et al. 2003; Machida et al. 2005;
Lo et al. 2012; Kohl et al. 2009; Valdés et al. 2002;
Sivaraju and Begum 2013). The treatment of acti-
vated carbon by ozone can reduce the specific surface
arca and modify the chemistry of carbon surface by
enhancing or/and introducing selective functional
groups able to react with metal ions. Ozone is a
powerful oxidizing agent, which oxidizes the carbon
surface to acidic functional groups such as carboxyl,
lactone, anhydride, and phenol groups (Kohl et al.
2009; Valdés et al. 2002). Although the activated carbon
surface can be oxidized with aqueous ozone, this pro-
cess is far less effective than gaseous ozone treatments
due to the low solubility of ozone in water (Rivera-
Utrilla et al. 2011). Nitric acid aqueous phase treatment
can induce an increase in carboxylic, quinone, and phe-
nolic amounts (Jia and Thomas 2000). Most of these
researchers were interested to the preparations and char-
acterization of treated activated carbons, and only few
ones were with application of nitric acid or ozone-
treated activated carbons for heavy metal removal from
aqueous phase (Li et al. 2003).

In this study, micropore olive stones activated carbon
chemically activated was used as started material for
posttreatments using gaseous ozone and nitric acid aqueous
solution. Produced AC samples were characterized using N,
adsorption—desorption isotherm, SEM, pH,,., FTIR, and
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Boehm titration and then evaluated its uses for copper, nickel
and cobalt metal ions removal from single and binary aqueous
solutions.

Material and methods
Materials

All the chemicals used in this study were of analytical grade.
Stock solutions of metal ions were prepared by dissolving
required amount of nitrate salt of cobalt nickel and copper
metal in double distilled water. Metal ion concentrations were
determined using an inductively coupled plasma—atomic
emission spectrometer (ICP-AES; Activa-M, HORIBA Jobin
Yvon) at wavelengths of 327.395, 238.892, and 231.604 nm
for Cu(Il), Co(II), and Ni(II), respectively. The detection limits
of the analysis method were 2 pug/L for Cu(ll), 5 ng/L for
Co(Il), and 5.5 pug/L for Ni(Il).

Activated carbons preparations

Raw material “olive stones” were supplied from oleic industry
from south Tunisia, and it was transformed on activated car-
bon chemically using H;PO,4 according to the protocol opti-
mized by Gharib and Ouederni (2005). Raw-milled olive
stones were impregnated with a phosphoric acid solution
(50 % by weight) at 110 °C for 9 h. After drying, the impreg-
nated material was subjected to thermal activation at 410 °C

for 2.5 h in a vertical tubular reactor feed by a stream of
nitrogen and heated by electric furnace. The activated carbon
obtained, labeled as COSAC, was washed thoroughly with
distillate water to eliminate impurities, dried at 60 °C for
24 h and then sieved.

COSAC was used as started material or AC-parent for a
posttreatment in liquid phase using nitric acid (HNOs) and in
gaseous phase using ozone (Os) according to following oxi-
dation protocols (Fig. 1):

— Oxidation of COSAC with HNO;: The oxidation of
COSAC was performed by boiling it with 2 M nitric acid
solution concentration. A weight of 50 g of activated car-
bon was mixed with 500 mL of nitric acid solution for
10 h at about 100 °C in flask fitted with a reflux condens-
er. After oxidation, the samples was filtered, washed
many times with distillated water, and then dried at
60 °C for 24 h. Obtained AC was named as
COSAC(HNO:;).

—  Oxidation of COSAC with O5: The started material was
oxidized with gaseous ozone in a fixed bed reactor loaded
with 3 g of AC under a constant ozone flow of 12 mg of
O3/L of an air—ozone mixture, operating at room temper-
ature and atmospheric pressure. Ozone was produced by a
laboratory ozone generator and fed to the reactor for an
exposure time of 4 h. After each treatment time, the car-
bon material was withdrawn from the reactor and washed
and oven-dried for 12 h at 60 °C. Oxidized AC by ozone
was labeled as COSAC(0O5).

Table 1 Surface functional

groups of prepared COSACs AC Carboxylic Carbonyl Lactone Phenol Total basic pHpzc
(meqg )
COSAC 0.512 1.829 0.405 0.835 0.198 3.40
COSAC(0O3) 2.450 1.261 0.507 0.782 0.370 221
COSAC(HNOs3) 2.195 0.955 0.482 1.190 0.320 1.60
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Activated carbons characterization

Nitrogen adsorption—desorption isotherms were mea-
sured using an automatic Sorptiometer Autosorb-1C
Quantachrome apparatus at 77 K and in the range of
relative pressure from 107> to 1.0. Total surface area
was determined using the Brunauer—Emmett—Teller
(BET) equation. The micropore diameter and micro-
pore volume were calculated by the Dubinin—
Radushkevich (DR) equation. SEM micrograph was
carried out to show the pore structure of obtained ac-
tivated carbons.

The point of zero charge was determined via batch
equilibrium technique as following (Slobodan et al.
2007): a closed Erlenmeyer flask was filled with
50 mL of 0.01 M NaCl aqueous solution. The pH was
adjusted to a given value between 2 and 12 by adding
0.1 M HCI or 0.1 M NaOH solutions. Then, a mass of
0.15 g of AC was added to a solution, and the final pH
was measured after 48 h under agitation at room tem-
perature. The intersection of the curve [(pHfnai—pHinitial)
vs (pHinitia1)] and the bisector gives the value pH,,..

FTIR spectrum was measured in the range of 500—
4000 cm™ ' using Bruker spectrophotometer model ALPHA
with Platinum ATR Bruker adaptador.

Surface functional groups were determined by Boehm
titration (Pereira et al. 2003). The Boehm titration meth-
od can be described as follows: 1 g of COSAC was
placed in five Erlenmeyer flasks containing 50 mL of
0.1 M of HCI, NaOH, NaHCO;, Na,COj3, and
NaOC,H;s solutions, respectively. Then, the mixtures
were agitated for 48 h. The suspensions were filtered
through a 0.45-um membrane filter, and the excess of
base or acid was titrated with 0.1 M HCI or 0.1 M
NaOH solutions, respectively. The amount of acidic
groups on the activated carbon was calculated under
the assumption that NaOC,Hs neutralizes carbonyl, car-
boxylic, lactones, and phenolic groups; NaOH, carbox-
ylic, lactones, and phenolic groups; Na,COs, carboxylic,
and lactones; NaHCO;, only carboxylic group. The
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Fig. 2 Relative contents of surface functional groups of prepared
COSACs

0991

0.98

097

0.96

0951

% Transmittance

0.94

COSAC(HNO3)
COSAC(03) E
COSAC

093

0.92

0 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber(cm-1)

Fig. 3 FTIR spectra of prepared COSACs

number of surface basic sites is calculated from the
amount of HCI that reacted with the carbon.

Adsorption isotherms

The heavy metal ions (Co(II), Ni(Il), and Cu(Il)) ad-
sorption capacities of COSAC, and ox-COSACs
(COSAC(HNO) and COSAC(0O3)) were determined via
batch mode in isothermal conditions at 30+2 °C and at
pH 5. Fixed weight of AC samples of 0.3 g, with av-
erage particle size of 0.375 mm, were placed into
250-mL Erlenmeyer flasks containing 50 mL of metal
ions solutions having different initial concentrations
within the range of 0.5 to 5.0 mmol/L for Co(II), Ni(II),
and Cu(Il) metal ions at optimum pH value. The flasks
were being agitated continuously during 10 h at
400 rpm. Then, the samples were filtrated through a
0.45-um cellulose filter paper. After measurement of
final pH, heavy metal samples are diluted with ultrapure
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Fig. 4 N, adsorption—desorption isotherm at 77 K of untreated COSAC
and ox-COSACs

@ Springer



15856

Environ Sci Pollut Res (2016) 23:15852-15861

Table 2 Physical properties of COSACs

AC BET surface DR micropore  Total Pore
area volume volume diameter
(m’ g™ (cm’ g ) (em’ ) (A°)
COSAC 1194 0.552 0.561 20.72
COSAC(03) 7974 0.342 0.343 17.21
COSAC(HNOs) 1732 0.079 0.082 19.01

water containing nitric acid to be ready for analysis by
ICP-AES.

Experiments of binary adsorption isotherms were per-
formed in the same conditions as single metal adsorption iso-
therms. The initial concentration of each metal ion varied from
0.5 to 5.0 mmol/L, while the concentration ratio was fixed and
kept equal to the unit.

Each experiment was carried out in duplicate, and the average
results are presented here. The adsorption capacities of activates
carbons were calculated by using the following equation:

(Co—Ce)V
= 1
q p (1)
where ¢ is the adsorption capacity (mg g '), ¥ is the volume

solution (L), Cy is the initial metal ion concentration

Fig. 5 Scanning electron
micrographs of a COSAC, b
COSAC(03), and ¢
COSAC(HNO»)

@ Springer

(mmol/L), C, is the equilibrium metal ion concentration
(mmol/L), and m is the mass of the activated carbon (g).

Results and discussion
Chemical characterization

Some functional groups occurred on the surface of COSAC
and ox-COSACs were determined by Boehm titration. Results
of surface functional groups reported in Table 1 indicate the
predominance of acidic functional groups on the COSAC sur-
face, especially carbonyl and phenol functional groups,
resulting in 4.77 meq/g of total acidity. The use of phosphoric
acid in the activation process provides a high amount of acid
groups on the activated carbon surface, whereas total basicity
accrues on COSAC surface was only 0.75 meq/g. Table 1 and
Fig. 2 show the effect of oxidation treatment on the surface
chemistry of COSAC. It is clear that nitric acid and ozone
treatment generated an important increase in total acidic func-
tional groups evaluated to be 4.235 and 5.720 meq/g, respec-
tively, whereas basic sites are eliminated completely. It can be
shown that the HNO; treatment mainly leads to an important
increase of carboxylic and phenol, small increase in lactone
groups, and a huge decease in carbonyl groups. While O;
treatment leads to an important enhancement of both
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carboxylic and lactone groups and reduction of phenol and
carbonyl groups as compare to the started material. The in-
crease in acidity of 0x-COSACs was proved by the measured
decreased in pH,,, values from 3.0 (for COSAC) to 2.21 and
1.20 for COSAC(HNO;) and COSAC(Os3), respectively.
Jaramillo et al. (2009) show that gaseous ozone treatment
resulted in the fixation of acidic surface oxygen groups and
the removal of basic surface oxygen groups and induced an
decrease in the pH,,. value from 8.8 for the untreated cherry
stones activated carbon to 4.3 for the oxidized sample.

The surface chemistry characterization of COSAC,
COSAC(HNOs5), and COSAC(0O3) was accomplished by
FTIR spectroscopy (Fig. 3). The main components of the
raw material olive stones are hemicellulose, cellulose, and
lignin which has an aromatic character. The wide transmit-
tance bands appear between 3772 and 3680 cm ! are related
to the O—H stretching vibration mode in alcohol and phenol.
The region between 2921 and 2528 cm ™ is assigned to C—H
stretching vibrations. The peak at 2325 cm ' could be attrib-
uted to C=N stretching. Bands appear between 1622 and
1543 cm™" are ascribed to C—C vibrations in aromatic rings
(El-Hendawy 2006). The band appears at 1701 cm ' denotes
the existence of carboxyl groups. The bands between 1524
and 1580 indicates the presence of C=C ring stretching. The
band between 1325 and 1456 cm™' may be attributed to the
aromatic CH and carboxyl-carbonate structures (Srivastava
et al. 2006). The bands located at 1147 and 1198 cm ' are
related to C—O stretching vibrations in alcohols and phenols
(Virote et al. 2005). The bands observed between 900 and
500 cm ' are due to out of plane deformation mode of C—H
for alkenes aromatic rings. Bands observed at 616 and
539 cm ! are ascribed to C—H in out-of-plane bending in the
edges of aromatic rings or are assigned to cyclic amides (EI-
Hendawy 2006). This behavior suggests that the activated
carbon is mainly an aromatic polymer of activated carbon.
The most important bands and peaks appearing on the spec-
trum of COSAC are the same presented on COSAC(O3) and
COSAC(HNO3) but with high intensities. These results are in
agreement with that found by Boehm titrations.

Textural characterization

The nitrogen gas adsorption—desorption isotherms of the
COSAC and 0ox-COSACs at 77 K are given by Fig. 4. The
isotherms appear to have a well-defined plateau and classi-
fied as Type I according to IUPAC classification. The N,-
isotherms show a small effect in desorption curves, espe-
cially in the case of COSAC(HNOs), indicating the pres-
ence of mesopores with possible occurrence of capillary
condensation phenomenon. The micropores and mesopores
volumes were calculated (Table 2). From values listed in
Table 1, one can observe that micropore volumes follow
this trend: COSAC>COSAC(03)>COSAC(HNO;). This

order is consistent with the Sgpt surface areas. The reduc-
tion in surface areas and pores volumes is may be due to
porosity distraction and the blockage of some pores by ox-
ygen groups, introduced by HNO; or O; treatments. Oxy-
gen groups are probably fixed at the most active sites at the
entrance of the micropores. Therefore, the access of nitro-
gen to these micropores becomes difficult, and as conse-
quence, the pore volume is reduced and thus the specific
surface area lowered. This is well visualized by SEM image
determined for the three ACs. The SEM image of COSAC
(Fig. 5a) shows that the microscopic shape of COSAC is an
agglomeration of sub-micrometric particles. After nitric ac-
id oxidation (Fig. 5b), the activated carbon presents a high

0.4

q (mmol/g)
(=]
(38

= B COSAC(HNO3)

0.1 A COSAC(03)
. & COSAC
-------- Freundlich model
0.05 — — Langmuir model
0 Redlich Peterson model
0 1 2 3 4 5 6
(@ C(mmol/L)

=
°
=)
g
(5]
S
0.1 B COSAC(HNO3) A COSAC(03)
@ COSAC  eeeeenens Freundlich model
0 — — Langmuir mode] - Redlich Peterson model
0 1 2 3 4 5 6 7
(b) Ce(mmol/L)
04
0.35
0.3
0.25
=
g 0.2 |
E 015
o B COSAC(HNO3)
0.1 A COSAC(03)
¢ COSAC
005 F e Freundlich model
— — Langmuir model
0 L 1 1 L L J
0 1 2 3 4 5 6
(c) C, (mmol/L)

Fig. 6 Adsorption isotherms of a Co(Il), b Ni(Il), and ¢ Cu(II) onto
untreated and treated COSAC: points represent the experimental data,
and lines represent modeling results by the Langmuir model (pH 5,
equilibrium time 10 h, temperature 30 °C)
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surface roughness. While ozone treatment results in soft-
ened texture and smooth surfaces in the form of parallel
sheets (Fig. 5¢), thereby pores are blocked by probable sur-
face coalescence effects.

Results are in agreement with the studies of Gomez-
Serrano et al. (2002), Park and Jin (2005), Kawamoto et al.
(2005), and Sivaraju and Begum (2013). These researchers
interpreted from their works that high ozone doses can destroy
pore walls and fix large amounts of oxygen groups at the
surface mainly carboxylic groups that make the carbon surface
more hydrophilic.

Pereira et al. (2003), Machida et al. (2005), and Lo et al.
(2012) observe from their studies that nitric acid treatment
affect both chemical and textural properties of adsorbents.
The oxidation destroyed the porous structure of the original
AC by the loss of pore walls, also the total oxygen concentra-
tions increased by the formation of acidic group, especially
carbonyl, carboxyl, phenol, and nitrate groups.

Single heavy metal ions adsorption

The adsorption isotherms of Co(Il), Ni(Il), and Cu(Il)
onto COSAC, COSAC(HNOs;), and COSAC(0O3) were
studied at 30 °C and an initial solution pH of 5. Ad-
sorption isotherms data of the three heavy metal ions
are reported in Fig. 6. The shapes of the isotherms are
similar and show L-type behavior according to Giles
classification (Giles et al. 1974) but differ in the amount
of metal adsorbed. The shape of isotherms shows sub-
stantial affinity between the ACs surface and the three
heavy metal ions, especially for copper and weaker
competition with the solvent molecular. The removal
of each metal ion increased with the initial metal

concentration while the metal removal efficiency de-
creased which was known as the loading effect, describ-
ing the extent to which the total number of adsorption
sites is occupied by the adsorbate (Prasad et al. 2008).

Obtained experimental adsorption data are fitted with
Langmuir, Freundlich, and Redlich—Peterson models. The
Langmuir equation can be presented as follows:

o qmaxK LCe

— TmaxZL e 2
9 =11 K, C. (2)

where C, (mmol/L) is the equilibrium concentration metal ion
in solution, g, (mmol/g) is the surface concentration of metal
ion at equilibrium, ¢, (mmol/g) is the amount of metal ion
adsorbed at complete monolayer coverage, and K; (L/mmol)
is a constant that relates to the heat of adsorption.

The Freundlich model is described by the following equa-
tion:

qe = KeC" (3)

where K (mmol/g (mmol/L) ") represents the adsorption ca-
pacity when metal ion equilibrium concentration (C.) equals
1; n represents the degree of dependence of adsorption on
equilibrium concentration.

The Redlich—Peterson model is given by the following
equation:

AC,

- _ 7
1+ BCY )

qe
where 4 (L/g), B (L/mmol)’, and 3 are the Redlich—Peterson
constants.

For experimental equilibrium data fitting by Langmuir,
Freundlich, and Redlich—Peterson models of the adsorption

Table3 Calculated Langmuir, Freundlich, and Redlich—Peterson constants and correlation coefficients for the adsorption of Co(II), Ni (II), and Cu(II)

onto COSAC and 0x-COSAC

AC COSAC COSAC(03) COSAC(HNO:s)

Model metal ion Co(Il) Ni(II) Cu(1l) Co(1l) Ni(I) Cu(Il) Co(II) Ni(II) Cu(1l)
Gexp (M) 10.250 12.914 14.160 16.200 12.44 17.907 14.077 20.486 34.163
Gexp (mmol/g) 0.174 0.220 0.223 0.275 0.212 0.382 0.329 0.349 0.538

Langmuir K (L/mmol) 4435 4.120 38.752 7.726 16.386 17.174 8.386 19.711 10.572
Gmax (Mmol/g) 0.180 0.234 0218 0.268 0.212 0.342 0.322 0.335 0.503
R 0.991 0.987 0.965 0.940 0.994 0.956 0.964 0.997 0.978

Freundlich Ky (mmol/L)(L/g)"™ 0.129 0.171 0.188 0.205 0.177 0272 0.250 0.231 0.396
n 4.347 5.580 8.964 4.072 6.238 5.007 4.128 3.584 4.599
R 0.960 0.979 0.904 0.978 0.947 0.989 0.968 0.992 0.984

Redlich—Peterson A4 (L/g) 1.382 66.502 82.502 2.123 4.189 15.301 4.755 3.601 18.209
B (L/mmol)” 8.991 37.648 42.129 27.773 20.418 52.236 16.763 13.289 42234
164 0.882 0.845 0.897 0.757 0.964 0.863 0.867 0.853 0.858
R 0.991 0.984 0.977 0.932 0.997 0.998 0.980 0.983 0.998
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of Co(I), Ni(II), and Cu(Il) onto COSAC and ox-COSACs,
we use the nonlinear regression via Solver which is an add-in
in Microsoft Excel Office (Fig. 6). Identified model parame-
ters and correlation coefficients (R) are reported in Table 3.
It is shown from Fig. 6 and Table 3 that Redlich—
Peterson model fits the best to all the experimental data
with highest correlation coefficients (0.977<R*<0.998)
as compared to the other models except the adsorption
isotherm of Ni(Il) onto COSAC(HNO;) which was per-
fectly described by Freundlich model. Furthermore, the
theoretical maximum values of the adsorption capacity of
ACs given by Langmuir equation (¢y,.x) Were comparable to
experimental measured values (Table 3), thus Redlich—Peterson
and Langmuir model can perfectly describe the adsorption be-
havior of Co(II), Ni(Il), and Cu(IT) onto COSAC and ox-
COSAC:s. The value of the maximum adsorption capacity de-
termined by Langmuir model was found to increase in the order
Co(II)<Ni(IT)<Cu(Il) and this for the COSAC and COSAC
(HNOs), while for COSAC(0O»), the adsorption order in terms
of maximum adsorption follows this trend: Ni(I[)<Co(Il)<
Cu(Il). Results show that Cu(Il) was found to be the most
adsorbed metal onto the COSAC and ox-COSACs, the same
results were found by Gao et al. (2009). For Co(II) and Ni(II),
the change in the adsorption order cannot be related to the
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3
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Fig. 8 Binary adsorption of Cu(II) and Co(II) onto COSACno3) (PH 55
teq 10 h; T, 30 °C; dp, 0.375 mm)

Fig. 9 Binary adsorption of Ni(II) and Co(II) onto COSAC gno3) (PH 5;
teg» 10 h; T, 30 °C; dp, 0.375 mm)

texture properties of the adsorbents and not also to the ionic
radius of metal ions but one can explain this change by the
difference in affinity between the metal ion in aqueous phase
and the functional groups on activated carbon surfaces. Thus,
Ni(I) can have a high relative affinity to phenol groups rather
than carboxylic groups, this can be supported by the small “n”
calculated values of Freundlich model (n=3.584) that suggests
favorable adsorption of the Ni(II) metal ions onto
COSAC(HNO3).

Although there is decrease in their specific surface areas,
both 0x-COSACs show important adsorption capacity toward
metal ions studied compared to COSAC; this is mainly due to
the enhancement of the amount of acid functional groups.
Despite the higher acidic content functional groups presented
on COSAC(0s) surface, COSAC(HNOs3) shows higher ad-
sorption of Co(II), Cu(II), and Ni(II) metal ions (Table 3). This
can be due to the introduction of more phenol and carboxylic
functional groups on COSAC(HNO3) surface. The adsorption
amount determined by COSAC(HNO3), with lower pHp,.,
increased for more than 1.5 times as compared to the unmod-
ified COSAC. This important increase in adsorbed quantity
can be explained by the intervention of ion exchange mecha-
nism. Moradi et al. (2011) compared the adsorption of Cu(II)
ions onto two adsorbent SWCNTs and SWCNT-COOH. Al-
though these two adsorbents have the same surface area
(400 m*/g), percentages removal of all metal ions studied

Table 4 Comparison equilibrium adsorption capacity, g.(mmol/g),
between single and binary adsorptions

Binary — ¢21¥° g1 qoi™ g5 g5 ¢85 ge o

systems f{‘l‘glc qu‘zlgl" (mmol/g)

Ni(Il)- 0.226 0.335 1.482 0.329 0.317 0.963 0.652
Co(ID)

Cu(ll)>  0.538 0.402 0.747 0.329 0.274 0.833 0.676
Co(ID)

Cu(Il)- 0.538 0.422 0.784 0.226 0.301 1.332 0.723
Ni(II)
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determined by SWCNT-COOH are very high as compared to
SWCNTs. In the case of copper adsorption on activated car-
bon oxidized with HNO3, Goyal et al. (2001) found that the
adsorption removal was increased by a factor of about 3. Gao
et al. (2009) reported that ion exchange and redox properties
of CNTs-ox (both related to functional groups) play the main
important role on the removal of studied metal ions. Girgis
et al. (2007) reported that when an activated carbon is placed
in aqueous solution, the acidic surface groups, present on the
carbon surface, undergo ionization producing H' ions that are
directed toward the liquid phase leaving the carbon surface
with negatively charged sites. The larger the number of acidic
groups on the carbon surface, the greater will be the negative
charge on the carbon surface. This enhances the electrostatic
attractive interactions between the negatively charged carbon
surface and the positively charged metal cations.

Binary equilibrium adsorption results

Since single toxic metal species rarely exists in natural water
and wastewater, it is therefore more important to study and
evaluated 0x-COSACs in the binary or the multi-solute
adsorption.

Binary adsorption of Co(II), Ni(II), and Cu(II) onto
COSAC and COSAC(HNO;) was carried out by varying ini-
tial metal ions concentrations from 0.50 to 5.00 mmol/L and
keeping the same concentration ratio (Coi/Co;) equal to 1.

From the analysis of equilibrium data given in Figs. 7, 8,
and 9, it can be seen that adsorption isotherms for Co(II),
Ni(IT), and Cu(Il) from binary Cu(II)-Ni(II), Cu(Il)-Co(II),
and Ni(II)-Co(II) aqueous systems onto COSACyno3)
showed a change in the shape as compared to single metal
ions adsorption isotherms. Maximum adsorbed amounts of
each metal from single and binary systems are measured and
collected in Table 4.

The effect of the ionic interactions on the adsorption of
copper in binary solutions may be represented by the ratio of
the maximum adsorption capacity for copper ion in the pres-
ence of cadmium or lead ions, ¢2™, to the adsorption amount
of the copper in mono-solution (single adsorption), g&"¢',
such that for (Mohan and Singh (2002)):

- ji% > 1: the adsorption is promoted by the presence of
tlele second metal ions;

- Z‘éﬁ% = 1: no interaction exists between adsorption
sit)ecies;

- Z;% < 1: The adsorption is inhibited by the presence of

the second metal ions.

For the adsorption of Ni(Il) and Co(Il) in binary systems
onto COSAC(HNO3), the ratios were higher than unity for

@ Springer

Ni(II), indicating synergism; means that the adsorbed amounts
of both metal ions in mixture are greater than that of the indi-
vidual ion in single solution systems and became lower than
unity for Co(Il), indicating that the adsorption of Ni(II) was
promoted by the presence of Co(II), while Co(II) removal was
depressed by the presence of Ni(Il) in solution.

For other binary systems: Cu(Il)-Co(Il) and Cu(I)-Ni(I),
the values of ¢25¥/¢5%¢ were <1, indicating that the adsorp-
tion of Cu(Il) was affected by the presence of Co(II) or Ni(II)
in the binary solutions. This result is in agreement with results
found by Zhang (2011) and Qin et al. (2006). For the three
studied binary systems ((Ni(I[)-Co(Il)), (Cu(II)-Co(Il)), and
(Cu(ID-Ni(II)), the total adsorption capacities of metal ions
onto COSAC(HNOs) were calculated to be 0.652, 0.676, and
0.723 mmol/g, respectively. These obtained values are greater
than the adsorption capacities of Ni(I), Co(Il)), and Cu(Il) in
single system. This increase in the maximum uptake in binary
systems as compared to single systems is due to the increases
of'the uptake of one or both metal ions in the binary system on
the adsorbent. These results are compatible with the results of
Hanzlik et al. (2004) and Zhang (2011). The investigation of
the three binary mixture systems showed that the amounts
adsorbed were in the order Cu(Il)>Ni(IT)>Co(II) at the same
equilibrium concentration which is consistent with the trend
detected for the single components.

Conclusion

Olive stone activated carbon produced by thermochemical pro-
cess using phosphoric acid (COSAC) was used as started ma-
terial for surface modification using nitric acid and ozone phase
oxidizing agents. These modifications introduce oxygen-
containing functional groups on the surface of the COSAC
making the adsorbent more hydrophilic in nature and able to
remove more Co(Il), Cu(Il), and Ni(Il) from single aqueous
solution as compared to the started material despite the decrease
in the specific surface area. COSAC(HNOs) was found to be
the most favorable one since higher Co(II), Cu(Il), and Ni(I)
adsorbed amounts are observed by using nitric acid-modified
activated carbon, and this is due to the existence of phenol and
carboxylic groups. The test of COSAC(HNO;) as adsorbent
from binary solutions shows important adsorbed amounts of
both metal species formed from the binary solution.
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