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Abstract: This study investigated the potential use of activated carbon functionalized with Cyanex272 (AC-Cyanex
272), in the removal of lead, copper and zinc cations from aqueous solutions. The modified adsorbent was characterized
by powder X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, Zeta potential and particle size
distribution. Batch adsorption experiments were performed as a function of pH, contact time, and initial metal ion
concentration. Adsorption was found dependent on these parameters. The adsorption capacities were very high (126.36,
175.5 and 157.16 mg-g ' for Pb”", Cu’" and Zn"* respectively). Langmuir and Freundlich isotherms were used as models
for the equilibrium adsorption data and adsorption kinetic data are best described by the second order model.
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1. Introduction

There is no doubt that water plays an essential role in supporting the development of any country. Thus, the
availability of clean water resources is crucial, but unfortunately, many of these resources, are increasingly polluted.
Nowadays, industrial activities being hydrometallurgical, electronics or chemical industries are the main contribute
to pollution through the direct discharge of heavy metals, such as lead, copper, zinc and nickel ions, in the aquatic
environment [1]. The accumulation of heavy metals pollution leads to serious health problems [2]. In order to solve this
issue, researchers focused on reducing heavy metals concentration in water.

Various water treatment techniques are used for heavy metals removal, such as adsorption, chemical precipitation,
ion exchange and filtration [3—6]. Among these methods, adsorption is considered as one of the most efficient methods
since it is simple, rapid, versatile and economic [7]. Moreover, several adsorbents are available such as zeolite [8],
biomass [9], activated carbon [10] and polymeric hydrogels [11].

Carbon-based adsorbents are the most important, due to their large surface areas and organized porous structures
[12]. Activated carbon, mesoporous carbon and carbon nanotubes are the main carbon adsorbents. Activated carbon is
very interesting as an adsorbent due to its unique properties such as its low price, its broad spectrum of effectiveness
and its large specific surface [13]. Although activated carbon can act as adsorbents for a wide range of contaminants,
research on modifying activated carbon is gaining interest [14]. Several types of modifications are applied, including the
carbon functionalization with chelating agents [15]. The latter increases the adsorption capacity of activated carbon. In
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previous studies, activated carbon was modified by different functional groups such as amine [16] and thiol [17] in order
to enhance their adsorption capacity. On the other hand, Cyanex is an effective chelating agent and activated carbon was
not modified by this agent before that’s why it was chosen herein to perform adsorption study and test the efficiency of
such modified activated carbon in heavy metal ions removal.

In this study, commercial activated carbon was modified by Cyanex 272 [bis(2,4,4-trimethylpentyl) phosphinic
acid]. This modification method is simple and inexpensive which favors its applicability. Then the adsorption capacities
for Pb (II), Cu (II) and Zn (II) were studied in details. The effects of different parameters on the adsorption process
were performed, such as contact time, solution pH and metal ions concentration. Pseudo-first and pseudo-second-order
kinetic models were used to analyze the adsorption data. The experimental equilibrium results were fitted by Langmuir
isotherm. Moreover, the selectivity of the prepared adsorbent was investigated as well.

2. Materials and methods
2.1 Chemicals

Bis (2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH)
and toluene were all purchased from Sigma Aldrich. Lead Nitrate (Pb (NO3)2; 99.9%) was purchased from UNICHEM,
copper nitrate (Cu (NO3)2:3H20) from Alpha Chemika, and Zinc chloride (ZnCl12) from AnlytiCals. All analytical
products were used as received, without any purification. Ultrapure water was produced in the laboratory.

2.2 Activated carbon modification

Commercially available oak activated carbon (AC) was used. Prior to usage, the carbon was grinded, washed with
boiled distilled water and oven-dried at 120 °C for 24 h. Then, 2 g of activated carbon was added to a mixture of 10 ml
bis (2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272) and 10 ml toluene. Then, this mixture was refluxed at 70 °C
for 24 hours. After Buchner filtration, the modified activated carbon (AC-Cyx 272) was washed 3 times with 10 ml of
toluene, then dried at 100 °C for 2 hours (Figure 1).
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Figure 1. Modification route of the activated carbon by Cyanex 272
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2.3 Characterization of the activated carbon

The size distribution of AC was determined by granulometry before and after modification using Partica LA-950V2
Horiba. After modification, the functional groups were identified by Fourier Transform Infrared (FTIR) Spectroscopy in
the range between 4004000 cm ™' using FT-IR — 6300 JASCO. Powder X-ray diffraction (XRD) patterns were recorded
on an Empyrean X-ray diffractometer using Cu Ko, (4 =1.54 A) radiation from 10° to 60° 20. The zeta potential of AC-
Cyx 272 was measured using a Zeta-Meter System 4.0 unit. The pH was adjusted by using hydrochloric acid (HCI) or
sodium hydroxide (NaOH) solution.

2.4 Batch adsorption tests

Copper (II), lead (II) and zinc (IT) stock solutions (1000 mg/L) were prepared, then the solutions of different
concentrations were prepared by dilution. In batch adsorption experiments, 50 mg of the modified activated carbon
AC-Cyx272 was placed in a beaker containing 20 mL of metal solutions with the desired concentration. The beaker
was continuously stirred at room temperature RT at 250 rpm for 120 min. For the kinetic study, the contact time was
different for each experiment. All the experiments were carried out by adjusting the pH to 6, using solutions of 0.1 M
NaOH and 0.1 M HCI. For obtaining the adsorption isotherms, the initial metal ions concentrations were varied between
10 mg-L ™" and 500 mg-L™". The electrolyte effect was studied by adding 50 mg of the adsorbents to 20 ml distilled
water, 20 ml of 0.2 M NaCl solution and 20 ml of 0.2M KCl solution then the three beakers was continuously stirred at
room temperature RT at 250 rpm for 120 min. concerning the regeneration study, 50 mg of the adsorbents were added
to 20 ml aqueous lead ions solution and the beaker was continuously stirred at room temperature RT at 250 rpm for
120 min. then the adsorbents were collected on a filter paper, dried and treated with 10 ml of 0.1 HCI solution in order
to be used once again for lead adsorption. This step was repeated three times in order to investigate the regeneration
possibility of the adsorbent and to determine the efficiency after using it several times. At the end of each experiment
(except of regeneration study), the solution was separated from the adsorbent by filtration using a 0.45 pm syringe filter.
Once collected, the filtrate was analyzed by atomic absorption spectrophotometer (RAYLEIGH WFX-210), in order to
determine the concentration of the metal ions remaining in the solution. The adsorption percentage for each metal ion
was calculated using Equation (1):

€ -G, x100
G, (1)

R=

R is the adsorption rate (%), C, is the initial concentration and C, is the concentration at time t. The adsorption capacity
of the adsorbent at equilibrium was calculated by Equation (2):

_ (CO _Ce)V
R @)

q. is the adsorption capacity at equilibrium in mg-g ™', C, is the initial concentration and C, is the ions concentration at
equilibrium, V is the volume of metal solution in L and m is the adsorbent mass in g.

3. Results

3.1 Granulometric analysis

Figure 2 shows the size distribution of the activated carbon samples. The purpose of particle size analysis is to
obtain quantitative data on the mean size and particle size distribution. Before modification, the average diameter was
36.7 um. After modification with Cyanex 272, the average diameter increased to 152.4 um. These results show the
increase of particle size of the activated carbon after modification and this increase is due to the incorporation of Cyanex
272 on the surface of the carbon thus increasing the particle size.
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Figure 2. The size distribution of the activated carbon samples before (above) and after modification (below).

3.2 FT-IR spectroscopy

The obtained IR spectra for AC before and after modification are shown in Figure 3. In AC and AC-Cy272 spectra,
the broad band in the region 3300-3600 cm ' is attributed typically to -OH stretching or adsorbed water molecules and
the band at 1750 cm ™' is characteristic to -COOH groups. After modification, the new bands that appeared at 2954 cm™'
can be attributed to -CH stretching of CH3 contained in the 3-methylamyl group of Cyanex 272, and the two peaks at
(1477 and 1365 cm™') are due to the -CH deformation vibration of Cyanex 272. The peak at 1171 cm ' corresponds
to the P=0 group of Cyanex 272, the C-O-P stretching bands in AC-Cy272 appeared at (960 and 818) cm™' [15]. This
proves that the Cyanex 272 was successfully fixed on AC surface.
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Figure 3. IR spectra for AC before and after modification with Cyanex 272

After metals adsorption on AC-Cyx272, the peaks at 1171 cm ' and 818 cm™' which correspond to P=O group
and C-O-P stretching bands of AC-Cy272 respectively, decreased significantly (Figure 4). Also, the bands at 2954
cm ', corresponding to -CH stretching of CH, contained in the 3-methylamyl group of Cyanex 272, disappeared. These
findings prove the complexion of metal ions by AC-Cyx 272 through the interaction with phosphinic acid groups.

——— AC-Cyc272 ——— AC-Cyx272-Cu ~— AC-Cyx272-Pb AC-Cyx272-Zn
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Figure 4. IR spectra of AC-Cyx 272 after heavy metals adsorption
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3.3 X-Ray Diffraction

The diffractograms of the activated carbon before and after Cyanex 272 modification are shown in Figure 5.
The broad band in the range of 20-30° and a narrow peak at 20 = 26° were detected due to the amorphous carbon
structure, which corresponds to the (111) and (002) planes, respectively. The greatest intensity peak at 26 =26 in both
diffractograms can be attributed to hexagonal graphite. In addition, it can be seen from the figure 5 that a significant
Si0, diffraction peaks also appeared at 20 =21, 36 and 50°, corresponding to (100), (110) and (112) planes, respectively.
The presence of silicon oxide hydrate and quartz was responsible for the nature source of activated carbon itself which
is manufactured from agricultural wastes. After modification all the peaks existed but with decreased intensity which
means that activated carbon was successfully modified with Cyanex 272 without affecting the carbon structure since it
has stable structural properties.

AC

AC-Cyx272

Intensity a.u

10 20 30 40 50 60

20

Figure 5. The diffractograms of the activated carbon before and after Cyanex 272 modification

3.4 Effect of pH on metal ions adsorption

As pH increased from 2 to 4 the adsorption of all metal ions on AC-Cyx272 increased to reach its maximum
between pH 4 and 6 (Figure 6a). These results can be explained by both the speciation of metal ions as a function of
pH and the surface charge of the modified carbon. At higher pH values, precipitation occurred, precipitation of lead and
zinc, as Pb(OH), and Zn(OH), respectively, starts at pH 8, while that of copper above pH 6. Based on these facts, all the
adsorption experiments were performed at pH = 6 to ensure that the metal ions are present as positively charged cations
in the aqueous solution so adsorption on AC-Cyx272 can occur. Moreover, as figure 6a shows, adsorption remained high
as pH increased and this can be explained by release of protons from the Cyanex 272 upon adsorption of metal ions
which will cause a decrease in the pH thus preventing the precipitation of metals. The other factor that must be taken
into consideration is the surface charge of the modified carbon. At pH = 2 the zeta potential of AC-Cyx272 is —13.89
mV which increased to —62 mV and —59mV (more electronegative) as pH increased to 4 and 6 respectively (Figure 6b).
This explains the increase in metal adsorption at these pH values.
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Figure 6. Effect of pH on metal ions adsorption on AC-Cyx272 (a) and on zeta potential of modified carbon (b)

3.5 Adsorption Kinetic models

The two kinetic models pseudo first-order and pseudo-second order are expressed in Equations (3) and (4)
respectively [18]:

In(q, —q,)=Ing, —kt A3)

t 1 t
— = 4+ —

q. kgl q, 4

where g, and q, are the quantity of metal ions adsorbed (mg-g ') at time t (min) and at equilibrium respectively. k, (min™")
and k, (g'mg ' -min ") are the pseudo-first and second order rate constants.

The effect of contact time on heavy metals ions adsorption on AC-Cyx272 was studied between 5 min and 120
min, at pH = 6 and metal ions concentrations 10 and 30 ppm (Figure 7). The adsorption process of metal ions on AC-
Cyx272 was fast, since equilibrium was reached within the first 15 min for the two initial concentrations (10 and 30
ppm). This indicates the large affinity of the adsorbent towards each of the metal ions [19]. The kinetic parameters, the
correlation coefficients (R?) and the experimental equilibrium capacities are reported in Table 1. Several models can
be used to express the mechanism of sorption onto an adsorbent sorbent such as pseudo-first-order kinetic model and
pseudo-second-order kinetic model. The theoretical qe values calculated from the pseudo-second-order kinetic were
very close to the experimental values. The obtained results show that metal ions adsorption on AC-Cyx272 followed the
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pseudo-second order kinetic model (Figure 7). A pseudo-second order rate expression is based on sorption equilibrium
capacity and it assumes that the sorption capacity is proportional to the number of active sites occupied on the sorbent
[20]. This suggests that the adsorption rate mainly depends on the active adsorption site content on the adsorbent surface
and the rate-limiting step is chemisorption involving valence forces through sharing or exchange of electrons between
adsorbent and metal ions [21]. The chemical interaction between Cyx272 found on the surface of AC and metal ions is
correlated and in accordance with the kinetic results obtained.

Table 1. kinetic parameters for metal ions adsorption on AC-Cyx 272

pseudo-first-order pseudo-second-order
Ml CGigem) @R e b ® (ere ) b ®
Pb (1) 10 3.98 8.07 0.03 0.620 3.96 3.11 0.999
30 11.97 5.72 0.22 0.995 12.03 0.22 0.999
Cu (I1) 10 3.87 3.16 0.08 0.737 3.88 2.07 0.999
30 11.84 2.36 0.08 0.763 11.83 1.02 0.999
Zn (1) 10 3.97 3.73 0.09 0.395 3.98 1.51 0.999
30 11.94 1.85 0.07 0.914 12 0.14 0.999
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Figure 7. The effect of contact time on heavy metals adsorption on AC-Cyx272 and Pseudo second order kinetic model fit

3.6 Adsorption Isotherms

The adsorption isotherm behavior was analyzed using the Langmuir and Freundlich, models that are among the
isotherms can be used to model the amount of solute adsorbed per unit of adsorbent, ¢, as a function of equilibrium
concentration in the bulk solution, C,, at constant temperature. Langmuir and Freundlich, models, are expressed in
Equations (5) and (6) respectively:

C, 1 C,
= +
qg K L qmax qmax (5 )
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1
lo =logK, +—logC,

where C, and g,,,, denote the metal concentration (mg-L™") at the equilibrium state and the adsorption capacity (mg-g "),
respectively. The value of n is the inverse of the heterogeneity factor of the adsorption process. Meanwhile, K, and K,
are the Langmuir (L-mg ') and Freundlich (mg-g™') constants related to the mean free energy of adsorption, respectively
[22, 23].

The adsorption isotherms of the experimental data are shown in Figure 8 and the parameters of these two models
are shown in Table 2. From the linear regression correlation coefficient R’ it can be deduced that the equilibrium data
could be well described by the Freundlish isotherm so the adsorption is reversible in a heterogeneous system that is not
limited to the formation of monolayers [24]. The values of n were all between 1 and 10 indicating that the adsorption
performance of all metal ions on AC-Cyx 272 adsorbent was favorable under the studied conditions [25], so AC-Cyx
272 is a good adsorbent for heavy metal ions. Moreover, the Freundlich expression is an exponential equation and
therefore, assumes that as the metal ions concentration increases, their concentration on the adsorbent surface also
increases and indicating a non-ideal adsorption, not limited to monolayer formation.

Table 2. Langmuir and Freundlich models for Me?* adsorption on AC-Cyx 272

Langmuir Model Freundlich Model
o
max K K
M 2+ _ T _ RZ f _ R2
© (mggh  (L'mg)) " (mgg)
Pb** 184.1 0.1 0.964 332 25.12 0.974
Zn** 107 0.03 0.682 1.28 4 0.985
Cu? 175.5 0.114 0.907 2.37 272 0.993
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Figure 8. Langmuir and Freundlich isotherms fit for the experimental results

3.7 Effect of changing the matrix electrolyte type

In the presence of NaCl, only Pb*" ions adsorption on AC-Cyx272 decreased by 1.8%. On the other hand, the
presence of KClI affected the adsorption rate by 3.8% for Pb”* while the removal of Zn’* and Cu’* has not been affected
at all (Figure 9). This decrease is due to competition between sodium and potassium ions with the heavy metal ions for
the available specific sites on the surface of the modified AC. By adding NaCl or KCI, Na” and K” will be present in the
aqueous solution besides metal ions. AC-Cyx272 will adsorb some of these two ions as well as metal ions so there will
be more cations to adsorb which will consequently decrease slightly the removal of metal ions.
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Figure 9. Effect of changing the matrix electrolyte type on metal ions adsorption

3.8 Ion competitive adsorption study

In case of mixed metal ions solution, the binding sites are competitively divided among the various metal ions. It
was observed that Zn®" has the highest adsorption capacity over Pb”" and Cu’* with respective amounts of 86.3%, 83%
and 77.7%. The adsorption capacity of AC-Cyx272 in removing heavy metals from aqueous solution could be arranged
in the following order: Zn®* > Pb*" > Cu’" indicating that the adsorbent has more affinity for zinc.

According to the technical brochure of Cyanex 272, it is more selective for Zn** over Pb>* and Cu** (CYTEC,
Cyanex-272, 2008. Technical Brochure. CYTEC Industries) which is in consistent with the results obtained in our study
(Figure 10). Concerning Pb”" and Cu**, AC-Cyx272 was more selective for lead since it is more electronegative than Cu
so it is preferentially adsorbed. The electronegativity of Pb*"and Cu*" are 2.33 and 1.9 respectively.

99.9 98.6 99.5

100
86.3

80

60
W single ion solution (Pb)

40 W ternary ion solution

% Adsorption

20

Pb Cu Zn

Figure 10. Ion competitive study of AC-Cyx 272 in a ternary ion solution
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3.9 Regeneration

The efficiency of an adsorbent after regeneration was investigated because good regeneration capacity decrease
pretreatment costs and makes the adsorbent more practical to apply on a wide range. Herein, desorption or regeneration
experiments were done using 0.1 M HCI. The adsorption capacity of the recycled AC-Cyx 272 was investigated over
three cycles (Figure 11). After three cycles, the adsorption rate of Pb (II) decreased from 99.89 % to 95.81 % which

proves that the prepared adsorbent is still effective after regeneration.

99.89 99.73 95.81

100

80
=
g

B, 60
.2

g mPb(ID)

<

< 40
X

20

0

Ist cycle 2nd cycle 3rd cycle

Figure 11. The adsorption capacity of the recycled AC-Cyx 272 after three consecutive adsorption-desorption cycles

3.10 Comparison with other adsorbents

The adsorption capacity of AC-Cyx 272 prepared herein was found to be higher than others prepared elsewhere in
literature. Table 3 summarizes the results obtained with other adsorbents compared to AC-Cyx 272 for the same metal

ions.

Table 3. Comparison with other adsorbents in literature

Adsorbent Metal Removed Adsorption Capacity (mg-g™") Ref.

Chitosan nanocomposite beads Cu? 114.6 [26]

Magnetic sodium alginate/carboxymethyl cellulose Cu?* and Pb** 105.93 and 89.49 [27]

Oxidized cellulose nanofibers Cu? and Zn* 102.9 and 73.9 [28]

Guanyl-modified cellulose Cu?* 115 [29]

Activated carbon from Sea-buckthorn stones Pb** 51.81 [30]

Musa paradisiaca peels Pb** 10 [31]

Roundnut (Arachis hypogaea) shell Pb*" and Zn** 94.07 and 86.13 [32]
AC-Cyx 272 Pb*, Cu?* and Zn?** 126.36, 175.5 and 157.16 This study
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4. Conclusions

In this study, activated carbon was modified by the bis (2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272),
fully characterized then the efficiency of heavy metal ions (Pb, Cu and Zn) adsorption was investigated. XRD results
proved the structural stability of the adsorbent after modification. The obtained batch adsorption results showed that
the adsorption process depends on pH and the optimum pH for adsorption was 6. Effect of contact time and initial ions
concentration were investigated as well. The adsorption capacities for Pb(Il), Cu(Il) and Zn(II) were 126.36, 175.5 and
157.16 mg-g ' respectively. Freundlich isotherm showed a better fit for all the studied metal ions indicating adsorption in
a heterogeneous system. The adsorption of the three metals followed the pseudo-second-order kinetic pattern suggesting
chemisorption. The addition of electrolytes didn’t significantly affect the adsorption capacity. The adsorbent had higher
affinity for Zn(Il) in a mixed ions solution. The adsorption capacity remained high after regeneration which makes this
adsorbent promising for future application on large scale.
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