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ARTICLE INFO ABSTRACT

Keywords: We report synthesis and characterization of an activated carbon-supported silver-silica nanocomposite (AC-Ag-
Adsorption Si0s) for removal of Cu?*, Pb*", Cd®** and Zn?" ions from single and multi-metal aqueous solutions. Charac-
Activated carbon terization experiments included Atomic force microscopy (AFM), Ultraviolet-visible spectrophotometry
Ez?}?::nripome (UV-Vis), Fourier transform Infrared spectrophotometry (FT-IR) and X-ray diffraction (XRD) analysis. Adsorption
Kinetics of heavy metals onto the composite strongly depended on contact time (280 min maximal), adsorbent dosage
Thermodynamics (0.1-0.4 g), solution pH (5.5 + 0.5 maximal), temperature (298-328 K) and initial metal concentration. Equi-

librium data were fitted to the Langmuir, Freundlich and Temkin isotherm models. Kinetic data were fitted to
pseudo-first-order and pseudo-second-order kinetic models with the Freundlich isotherm model (R2 >0.99) and
pseudo-second-order kinetic mode (R? > 0.999) providing a better fit to the experimental data. The maximum
adsorption capacity was found to be 84.75 + 0.24, 81.30 & 0.2, 87.72 =+ 0.96 and 81.97 + 0.39 mg/g for Cu*",
Pb%*, Cd%* and Zn?* ions, respectively. The obtained values of thermodynamic parameters such as AG® (—13.72
+ 0.20 to —5.45 £ 0.35 kJ/mol), AH° (95.10 + 14.33 to 162.4 + 27.17 J/K.mol), and AS° (22.81 + 4.50 to
39.12 + 8.70 kJ/mol) showed that the adsorption process of Cu2*, Pb2*, Cd** and Zn®" ions onto AC-Ag-SiO,
composite was spontaneous, feasible, endothermic and physical in nature. Regeneration studies suggested that
AC-Ag-SiO; composite could be reused effectively with no statistical significance among the cycles (p > 0.9 for

all the four metal ions).

1. Introduction

Water is an especially important component of metabolic processes
as well as an essential solvent. Thus, the need to have clean and fresh
water for the existence of life cannot be overemphasized. Even so, the
world’s sources of fresh water are being threatened by microbiological,
organic and inorganic pollutants such as pathogens [1], dyes [2],
persistent organic pollutants (POPs) [3], pharmaceuticals [4] and heavy
metals [5]. The release of heavy metals in fresh water sources is of
significant concern globally because of their potential adverse effects on
both human health and the environment [6]. In Zambia, some residents
in mining areas of the Copperbelt have been reported to suffer from
many health complication due to consumption of water contaminated
with heavy metals [7]. Heavy metals are natural components of the
earth’s crust, they can’t be degraded or destroyed and they have a
tendency to accumulate for a long time [8,9] and as a result they are
considered to be the most important pollutant in source and treated
water [10]. Zinc, lead, cadmium and copper are among the heavy metal
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pollutants highly studied in Zambia [11-15]. Increased mining and
agricultural activities have resulted in an increased availability of
metallic substances in natural water sources [16-19]. The recommended
amount of cadmium, zinc, copper and lead in portable water by World
Health Organization is 2 ppm, 0.01 ppm, 0.003 ppm and 3 ppm,
respectively [97]. The accumulation of these metals in the human body
can cause nausea, neurotoxicity, hypertension, cancer, cell damage,
kidney and liver dysfunction [20,21].

Therefore, the development and fabrication of modern technologies
for removing heavy metals from water is fundamental. Many technolo-
gies for heavy metal removal such as ion exchange process [22], elec-
trochemical deposition [9], membrane separation [23], ultra-filtration
[21] and many others have been used. Although the effectiveness of
these techniques have been proved sufficiently, they still present many
draw backs such as high energy requirement, large volume of sludge
production and complex operation [24-27].

The adsorption process is among the most promising technologies for
the removal of pollutants from both fresh water and wastewater
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respectively. The technique has been used by researchers for many years
and the effectiveness of various adsorbents have been demonstrated in
source water and wastewater application, some of them are; silica [28],
activated carbon [29,30], nanomaterials [31,32], fly ash [33], alumi-
nosilicate [34], composites [35]; [98]) and clay [36]. Activated carbon
(AC) is commonly employed in many adsorption studies and is charac-
terized by high surface area, physicochemical stability and porosity [17,
28]. Commercially available activated carbon offers shorter treatment
time, requires lower level expertise but it is expensive due to the high
cost of the activation process and the raw materials are obtained from
coal, lignite as well as petroleum coke which are all non-renewable
environmentally unsound substances [37]. Thus, in this study, nano-
materials (silver and silica nanoparticle) were incorporated onto acti-
vated carbon derived from renewable, abundant and low-cost materials
originated from waste biomass, a valuable resource even for potential
chemical feedstock [38]to produce a composite and to assess the com-
posite’s adsorptive properties.

2. Materials and methods

Chemicals: Cadmium nitrate tetra-hydrate (Cd (NO3)2.4H50), Zinc
nitrate hexa-hydrate (Zn (NOg3)2.6H20), Copper (Hamwiinga et al.)
sulphate (CuSOy4), lead (Hamwiinga et al.) nitrate (Pb (NOs)2), sodium
silicate (Na»SiO3), ammonium hydroxide (NH4OH), hydrochloric acid
(HCI), sodium hydroxide (Ikenaka et al.), ethanol (CoHsOH), silver ni-
trate (AgNOg), native starch, sulphuric acid (H2S04)98%, and distilled
water. All the reagents were analytical grade.

Instrumentation: PerkinElmer AAnalyst 400 Atomic absorption
spectrophotometer was used to measure the concentrations of heavy
metals before and after adsorption. A Shimadzu 2000 UV-VIS spectro-
photometer in scanning mode between 200 nm and 800 nm was used to
acquire UV-Vis spectra with distilled water as a reference. FT-IR analysis
was done using Shimadzu IRSpirit spectrophotometer, AFM experiments
were performed using a Bruker Dimension Icon AFM in scanAsyst im-
aging mode and XRD analysis was conducted using ARL EQUINOX 1000
X-Ray Diffractometer.

2.1. Sample preparation

2.1.1. Preparation of maize cob activated carbon (AC-MC)

Dry maize cobs (Ho and McKay) were reduced to 2 mm particle size
consistence. The raw material was pre-heated at 383 K for 2 h in a
Carbolite AAF 11/7 Furnace at a heating rate of 283 K/min. Chemical
activation with 50% sulphuric acid [39-41] was carried out using an
impregnation method as described by Nyirenda et al. [42].

2.1.2. Preparation of silica nanoparticles (SiO2 NPs)

A 3:1 Ammonium hydroxide-ethanol mixture was prepared to which
dissolved sodium silicate was added drop by drop. After aging for 2 h the
solution was centrifuged and the product was washed severally with
distilled water and dried to obtain silica nanoparticles (SiO NPs) [43].

2.1.3. Preparation of silver nanoparticles (Ag NPs)

In the present study, the preparation of powdered silver nano-
particles (Ag NPs) adopted the chemical reduction method by Ref. [44]
with modification. Thus, 1.5 g of sodium hydroxide (Ikenaka et al.) was
dissolved in 80 ml of distilled water and 4.72 g starch added to the so-
lution at 343 K. An equal amount of silver nitrate (AgNO3) was dissolved
in 20 ml distilled water and added slowly to the alkaline solution under
vigorous stirring. The reaction was kept for 60 min at pH 12. Finally,
100 ml of absolute ethanol was added slowly to the solution to precip-
itate silver nanoparticles. The precipitate was collected by centrifuga-
tion, then washed with ethanol and dried.

2.1.4. Preparation of the AC-Ag-SiO2 nanocomposite
The scheme for the synthesis of AC-Ag-SiO, nanocomposite.
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Fig. 1 shows the synthesizing of activated carbon-supported silver
and silica composite (AC-Ag-SiO3) composite. About 10 g of activated
carbon and 4.75 g silica nanoparticles were mixed with 100 ml of
colloidal solution of silver nanoparticles (50% based on weight of acti-
vated carbon). The solution was heated at 343 K with constant stirring
until the formation of a gel. The gel was dried overnight at 353 K and
calcined at 573 K for 2 h to yield a composite of activated carbon-silver-
silica (AC-Ag-SiOo).

2.2. Preparation of stock solution

Stock solutions of 1000 mg/L metal ion concentrations were pre-
pared by dissolving a specific mass of metal salt. Aqueous solutions of
the standards were further prepared by serial dilution with distilled
water.

3. Results and discussion
3.1. Characterization

3.1.1. UV-visible and FTIR analysis

In this study, the silver nanoparticles (Ag NPs) were reduced and
stabilized by alkali dissolved starch. Observation of the colour change
from a clear colourless solution to a dark brown colour indicated the
formation of the silver nanoparticles. The conduction band and valence
band in silver nanoparticles lie very close to each other and the electrons
move freely [45]. These results into a surface-plasmon resonance ab-
sorption band [46]. A wavelength scan in the UV-Vis spectra exhibited a
characteristic absorption peak at 412 nm [47] (Fig. 2a) which corre-
sponds to the Surface Plasmon Resonance (SPR) of silver nanoparticles.
This observation indicates clearly the reduction of silver using alkali
dissolved starch and is in agreement with the results obtained by
Ref. [44].

In the case of silica nanoparticles, an absorption peak was obtained
at 279 nm (Fig. 2a). The UV-Vis spectrum of silica nanoparticles (SiO2
NPs) is in agreement with the results obtained by Refs. [48-50].

3.1.2. FT-IR analysis of SiO2 NPs, Ag NPs, MC-AC and AC-Ag-SiO2
composite

Silica nanoparticles were confirmed by FT-IR analysis (Fig. 2b). The
bands at 803 and 444 cm™! were assigned to Si-O-Si stretching and
Si-O-Si bending vibrations, respectively as reported by Ref. [51]. The
band at 957 cm ™! is associated with Si-OH groups; the band’s existence
is due to high concentrations of silanol groups [52]. Absorption bands at
1066 cm~! are associated with asymmetric stretching vibrations of
siloxane (Si-O-Si) [49]. The peaks at 3443 and 1636 cm ! are attributed
to O-H stretching bands of the surface silanol groups and the remaining
absorbed water [51,53]. The analysis from FT-IR confirms that the silica
nanoparticles were successfully synthesized.

The FT-IR spectra of silver nanoparticles showed an intense broad
band at 3238 cm™! which is attributed to carboxylic acid (Khamkure
et al.) stretching vibration of starch [54]and asymmetric stretching of
C-H band at 2930 cm ™! [55]. The absorption band at 1590 cm~! was
attributed to the water adsorbed in the amorphous region of starch, and
the band at 1339 cm ™! was assigned to the angular deformation of C-H
[56]. The absorption bands at 1014 cm~! is because of O-H bending
vibrations of starch [55].

FT-IR analysis of the activated maize cob confirms a band at around
3010 cm™! [57] which can be assigned to O-H stretching vibration of
carboxylic group. The band at 1784 cm™! relates to C=O stretching of
carboxylic group [39]. The band at 1556 cm ™! confirms the presence of
C—C stretching vibration in aromatic rings [39,58], and the band
around 1185 cm ™! can be assigned to G-O or G-O-C stretching vibra-
tions [59]. The presence of O-H and C—O0 bands suggests that the maize
cob was activated by sulphuric acid.

The surface functional group of AC-Ag-SiO2 composite were also
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Fig. 1. Shows the schematic presentation of the synthetic pathway for the activated carbon-silver-silica composite.
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Fig. 2. UV-Vis and FT-IR spectra of SiO5 NPs, Ag NPs, MC-AC and AC-Ag-SiO, composite.

identified by FT-IR spectral analysis, the peaks at 444, 803, 1066, 1396,
1556, 3010 cm ™! confirmed the presence of Si-O-Si stretching, Si-O-Si
bending, asymmetric stretching vibrations of siloxane (Si-O-Si), C-H
deformation, C—=C stretching vibrations and O-H stretching vibrations,
respectively.

3.1.3. AFM studies of silver and silica nanoparticles

The AFM analysis was conducted on silver and silica nanoparticles to
study the surface morphology (shape and size) of silver and silica
nanoparticles. The AFM analysis were conducted in contact mode [60,
61] and are shown in Fig. 3a and b. The AFM analysis showed that silver

053

20.46 nm

19.47 nm

nanoparticles were predominantly spherical shaped with particle size
between 17 and 26 nm. Silica nanoparticles were spherical with particle
size between 55 and 80 nm and were in agreement with [43,62,63].

3.1.4. XRD analysis

The crystalline nature of the synthesized silver nanoparticles was
studied using X-ray diffraction as shown in Fig. 4a. The spectra shows
peaks located at 44.99, 54.53, 77.50° which agrees well with the (200),
(142), (311) planes for silver nanoparticles [64,65]. The XRD of silica
nanoparticles (Ag NPs) is shown in Fig. 4b. The pattern of silica nano-
particles shows that they are mainly amorphous in nature with the broad

20.06 nm

19.02 nm

y:0.51 nm +

Fig. 3. AFM image of the synthesized (a) silver (Ag NPs), (b) silica (SiO, NPs) nanoparticles.
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Fig. 4. XRD spectra of the synthesized (a) silver (Ag NPs), (b) silica (SiO,) nanoparticles and (c) AC-Ag-SiO, composite.

peak in the range of 20° - 38°. The results are in agreement with [43,66,
67]. From the spectra of AC-Ag-SiOy composite (Fig. 4c), it can be
concluded that silver and silica nanoparticles were loaded in the
composite.

3.2. Adsorption experiments

Adsorption efficiency (%) and adsorption capacity at equilibrium
(qe) ([103] [68], were determined using equation (1) and (2);

(C, — C.) x 100

C. @

Adsorption efficiency (%)=

(Co—Co) x V
m

Adsorption capacity (q,)= 2)
where C, (mg/L) is the concentration of heavy metals before adsorption,
Ce (mg/L) is the equilibrium concentration of heavy metals, q. (mg/g) is
the amount of heavy metals adsorbed at equilibrium, m (g) is the mass of
the composite used, and V (L) is the volume of heavy metal solution
used.

The rate of adsorption can be affected by a myriad of factors in any
given experiment. In this study, the effects of contact time, initial metal
concentration, adsorbent mass, initial solution pH and temperature on
the rate of adsorption were studied and described in detail in the
following sections.

To assess the effect of solution pH on Cu?*, Pb%*, Cd?* and Zn?*ion
adsorption onto the composite, the initial pH of the solutions from 2 to
12 was monitored. The adsorbate concentration was fixed at 10 mg/L
with adsorbent dosage of 0.1 g, solution volume of 0.1 L and tempera-
ture of 298 K. The pH of the solution was adjusted by using 0.1 M hy-
drochloric acid or 0.1 M sodium hydroxide and was measured using a pH
meter. The effect of pH solution on the adsorption percent removal of
heavy metals onto AC-Ag-SO, nanocomposite is shown in Fig. 5a. The
adsorption of Cu?*, Pb?*, Cd*" and Zn?" ions on AC-Ag-SO, composite

was maximum at pH of 5.5 + 0.5 and gradually decreased as the pH
increased. This shows that at low pH, the number of hydrogen ions (H*
ions) in the solution dominates and competes for chelation and
complexation with metal ions on the adsorption sites [69]. However, at
high pH, the hydroxide ions (OH™ ions) also dominates in the reaction
medium and metal ions are more likely to precipitate in form of metal
hydroxides [70]. Thus, too much competition between the hydrogen
ions (H" ions) and hydroxide ions (OH™ ions) with metal ions would
affect the percentage removal of heavy metals by the composite as
shown in Fig. 5a.

The effect of contact time is significant in determining kinetic pa-
rameters and in approximating equilibrium time for the adsorption
process. Influence of contact time on adsorption of Cu?*, Pb%*, Cd** and
Zn?" ions on the composite (AC-Ag-SO,) was assessed by conducting
adsorption experiments at different contact times ranging from 0 to 280
min and keeping other parameters constant. The percentage removal of
Cu?*, Pb%*, Cd*" and Zn?* ions increased rapidly in the first 40 min and
thereafter, increased gradually. With increase in contact time from 0 to
280 min, the percentage removal increased and reached a steady value
of 94.3 £+ 0.0068, 99.2 + 0.0021, 90.2 + 0.0102, 97.4 + 0.0069% for
cu?*, Pb%*, cd?* and Zn?* ions, respectively (Fig. 5b). This trend have
been observed by ([104], [31,71,72]. The rate of adsorption increased
rapidly in the first 40 min, then it proceeded gradually until equilibrium
was established in approximately 200 min indicating that the adsorption
sites were well exposed [71]. The increase in the rate of adsorption in
the first 40 min can be attributed to high number of adsorption sites on
the adsorbent at the beginning of the adsorption process. The effect of
initial single metal ion concentration on the adsorption Cu?*, Pb2*,
Cd*" and Zn*" ions onto AC-Ag-SiO, composite was investigated. The
concentrations ranged from 10 mg/L to 100 mg/L and other parameters
were kept constant (adsorbent dosage = 0.1 g, pH = 5.5, T = 298 K,
Vsolution = 0.1 L and t = 200 min). From Fig. 5c, it was observed that, as
the concentration of metal ions increased from 10 mg/L to 100 mg/L,
the percentage removal decreased from 94.46 + 0.0176 to 72.53 +
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Fig. 5. Effect of (a) pH, (b) contact time, (c) initial metal ion concentration, (d) adsorbent dosage, (e) temperature and (f) multiple ion initial concentration on the
percent removal of cu?*, Pb?*, cd?* and Zn?* ions on AC-Ag-SiO, composite (adsorbent dosage = 0.1 g, T = 298 K, Vojution = 0.1 L, t = 200 min and initial metal

concentration = 10 mg/L).

0.1097, 99.15 £+ 0.0173 to 77.35 £ 0.2659, 90.3 £+ 0.0353 to 68.57 £
0.1655 and 97.49 + 0.0115 to 74.97 + 0.1784 for Cu**, Pb*", Cd*" and
Zn2" ions, respectively. The decrease in percentage removal as metal ion
concentration increased could be attributed to a high number of metal
ions in the solution compared to the available sites of adsorption on the
surface of the adsorbent [71,73]. It is evident from the results obtained
that the adsorption of metal ions onto AC-Ag-SiO; composite was
dependent on the initial metal concentration.

The effect of adsorbent dosage (AC-Ag-SiO; composite) on the
removal of Cu?", Pb%*, Cd?* and Zn?" ions at constant concentration
(75 mg/L) were investigated by agitating with different adsorbent
dosage over the range of 0.1 g-0.4 g. From Fig. 5d, it can be observed
that increasing the adsorbent dosage resulted in an increase in per-
centage removal of metal ions. The increase in percentage removal as
the adsorbent dosage increased can be attributed to the availability of
more active adsorption sites on the surface of the adsorbent.

Temperature is an important parameter that affects the adsorption of

heavy metals on an adsorbent. The effect of temperature on the
adsorption of heavy metal ions onto AC-Ag-SiO, composite was studied
in the temperature range of 298 K-328 K and other parameters were
kept constant (adsorbent dosage = 0.1 g, pH = 5.5, Vglution = 0.1 L,
initial metal ion concentration = 10 mg/L and t = 200 min). The result
obtained showed that increasing solution temperature increased the
percentage removal of heavy metals (Fig. 5e). Higher temperatures
favour metal ion mobility to penetrate inside the adsorbent pores due to
increased energy [74]. Furthermore, when the temperature increases,
there is an increased diffusion of metal ions across the external and
boundary layer and the internal pores of the adsorbent [75].

3.2.1. Study of simultaneous removal of multiple metal ions

The composite was also evaluated for simultaneous removal of
multiple metal ions from aqueous solution. The aqueous solutions con-
tained equal amounts of Cu?", Pb?*, Cd?* and Zn?* ions, respectively
(Fig. 5f). As the concentration increased from 10 mg/L to 100 mg/L the
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percentage removal decreased from 96.60 + 0.2085 to 68.30 + 1.8626,
98.14 + 0.4370 to 73.13 + 0.4383, 94.17 + 0.1660 to 62.64 + 0.4092
and 97.01 + 0.1299 to 70.01 + 0.5605 for Cu®*", Pb**, Cd*" and Zn*"
ions, respectively.

3.3. Adsorption isotherms

3.3.1. Langmuir adsorption isotherm

The isotherm explains that monolayer adsorption of the adsorbate
takes place on an evenly distributed surface of the adsorbent [28]. The
sites of adsorption have equal affinity for adsorption and the interaction
of adsorbed molecules is restricted [42]. The isotherm for single solute
adsorption can be represented as follows ([99] [41],:

1 C,
4 quL qm
The linear equation is written as [76]:
C, 1 C,
Ze_ il 4
qe KLqm qm

where g, (mg/g) is the amount of heavy metals adsorbed at equilibrium,
Ce (mg/L) is the equilibrium concentration of heavy metals, g, (mg/g)
is the maximum adsorption capacity and K; (L/mg) is the Langmuir
constant which measures the affinity of metal ions towards the adsor-
bent adsorption sites. Thus, the magnitude of K|, indicates either a strong
or weak interaction between the heavy metal ions and the adsorption
sites of the adsorbent. The parameters g,, and Kj, were determined from
the plot of % versus C. [77]. The separation factor, Ry, was determined

from the equation below [78]; [100], [42];

1

Ri=—
TTHKLGC

()

where Ry, is the separation factor, C, (mg/L) is the concentration of
heavy metals before adsorption and K, is the Langmuir constant. The
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value of the separation factor indicates the favorability of the adsorption
process [42,79].

The parameters of Langmuir isotherm i.e., g,,, K; and Ry, for heavy
metal ions using AC-Ag-SiO were obtained from the plot of Ce/qe Versus
Ce as shown in Fig. 6a and are shown in Table 1. The maximum
adsorption capacity for AC-Ag-SiO2 composite was found to be 84.75 +
0.242, 81.3 + 0.197, 87.72 + 0.961 and 81.97 + 0.389 mg/g for the
removal of Cu?t, Pb?*, Cd?* and Zn®" ions, respectively. The R? for the
isotherm were 0.9786, 0.9742, 0.9873 and 0.9836 for Cu", Pb*", Cd*"
and Zn?" ions, respectively. The estimated values of R, ranged between
0.02 £ 0.006 and 0.50 + 0.002 for all the heavy metals, which indicates

Table 1

Adsorption isotherm models parameters of Cu®*, Pb**, Cd** and Zn*" ions
adsorption by AC-Ag-SiO, composite.

Isotherm Parameters  Cu®* Pb%* cd?+ Zn%*
models
Langmuir qm (mg/g) 84.75 + 81.3 + 87.72 + 81.97 +
model 0.24 0.2 0.96 0.39
K; (L/mg) 0.16 + 0.44 + 0.1 + 0.29 +
0.004 0.07 0.03 0.004
R, 0.06 + 0.02 + 0.09 + 0.03 +
0.006 to 0.006 to 0.01 to 0.003 to
0.38 + 0.19 + 0.50 £ 0.25 +
0.001 0.001 0.002 0.0004
R? 0.9786 0.9742 0.9873 0.9836
Freundlich Ky (mg/g)  13.839+  24.95+ 9.92 + 19.22 +
model 0.19 0.3 0.12 0.104
ng (g/1) 1.943 + 2.737 + 1.721 + 2.26 +
0.01 0.352 0.151 0.232
R? 0.9911 0.9992 0.9905 0.9922
Temkin br 157.02+  211.78+ 14595+  176.24 +
model 0.39 0.98 0.74 1.571
Ky 2.52 + 16.94 + 1.377 + 5.70 +
0.06 0.86 0.024 0.05
R? 0.9657 0.9387 0.9702 0.9669
2.0 b -
Freundlich Isotherm
v
1.5
o
o
o
o - cu(ll)
1.04 = Ph(l)
- Cd(ll)
A - Zn(l)
0.5 T T T T
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log Ce

Fig. 6. (a) Langmuir, (b) Freundlich and (c¢) Temkin adsorption isotherm for Cu2+, Pb2+, Cd** and Zn>* ions adsorption onto AC-Ag-SiO, composite.
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favorable adsorption. The values of K; ranging between 0.099 + 0.003
and 0.436 + 0.017 for all the heavy metals shows that the interaction of
metals with the composite was not strong.

3.3.2. Freundlich isotherm

Unlike the Langmuir adsorption isotherm, Freundlich isotherm as-
sumes that the adsorbent sites have different binding energy for
adsorption of metal ions [101]. The isotherm is described by equation
(6) [801;

4. =K.C} ®)

Equation (6) can be written in logarithmic form for the linearization
of experimental data. The equation is given by Ref. [81]:

log g, =(log C.)/n+log K¢ Q)

where q. (mg/g) is the amount of heavy metals adsorbed at equilibrium,
Ce (mg/L) is the equilibrium concentration and Kg is the Freundlich
constant and n is the adsorption intensity. The value of n is very useful in
differentiating a physical adsorption from chemical adsorption process
([103], [73]. The values Ky and n were calculated from the slope and
intercept of the plot of log g, versus log Ce.

The Freundlich isotherm parameters Kr and nyp (Table 1) were
calculated from the slope and intercept of the linearized plot of In g
versus In C, (Fig. 6b). The values of ng is found as 1.943 + 0.012, 2.737

+0.352,1.721 + 0.151 and 2.258 + 0.232 for adsorption of Cu®*, Pb%*,

Cd?* and Zn?* ions, respectively. The obtained values of ny are greater
than 1 and as such, physiosorption phenomena during metal adsorption
onto AC-Ag-SiO, composite is supported [101]. The Freundlich regres-
sion correlation coefficient (R?) values were 0.9911, 0.9992, 0.9905 and
0.9922 for Cu?*, Pb%*, Cd*" and Zn®" ions, respectively. The R? values
for Freundlich isotherm model were greater in comparison with the
other two isotherms.

3.3.3. Temkin isotherm

The Temkin isotherm studies the indirect effect of the interaction of

the adsorbate and the adsorbent during the process of adsorption. The
isotherm provides valuable information on the binding energy and the
heat of adsorption [82]. The binding energies are evenly distributed
during the adsorption process. The isotherm is best described by the
equation below [28,68,83]:
q. = RTTInKT + %IHCe ®)
where Kt is the Temkin isotherm constant (L/mol), b is a constant
related to the adsorption heat, R is the gas constant (8.314 JK’lmol’l)
and T is the temperature at 298 K [68].

The Temkin adsorption parameters by and Ky were calculated from
the plot of q. (mg/g) versus In C, (Fig. 6¢) and are tabulated in the first
table (Table 1). The R? values obtained for Temkin isotherm model was
0.9657, 0.9387, 0.9702 and 0.9669 for Cu®*, Pb?", Cd** and zZn** ions.
In comparison to Langmuir and Freundlich adsorption model the R? of
Temkin isotherm were small. Thus, the isotherm could not be used to
design the adsorption process; rather it was used to compare the
behavior of equilibrium experiments to that of the Freundlich and
Langmuir adsorption models.

Therefore, a comparison of the regression correlation coefficient (R?)
values for Langmuir, Freundlich and Temkin isotherm model for
removal of heavy metal ions onto AC-Ag-SiO, composite shows that the
equilibrium data is best fitted with the Freundlich isotherm model. Thus,
multi-layer and heterogeneous adsorption of metal ions on AC-Ag-SiO2
composite surface is supported.
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3.4. Adsorption kinetics

The pseudo-first order and pseudo-second order kinetic models were
evaluated to understand the kinetic mechanism that controls the
adsorption process for the removal of heavy metal ions on AC-Ag-SiO4
composite. The calculated parameters for the kinetic models are tabu-
lated in Table 2.

3.4.1. Pseudo-first order kinetic model
The parameters of pseudo-first-order kinetic model can be calculated
from equations below [76,77].

log(q. —q: ) =logq. — 9

t
K230
where g, and q; are the amounts of heavy metals adsorbed at equilibrium
and at time t (minute), respectively.

The model materiality was typically assessed by plotting the graph of
log(ge —q;) versus t which gives the slope of K; and intercept of logg,. If
the parameter logq, is not equal to the intercept of plot of log(q. —q: )
versus t then the adsorption is not likely to follow a first-order- kinetic
pathway regardless of the high coefficient of determination [72,84-86].

The model parameters (Table 2) were obtained from the plot of
log(qe —q; ) versus t (Fig. 7a). The R? values for the model were 0.9891,
0.9977, 0.8207 and 0.9664 for Cu®", Pb**, Cd*" and Zn*' ions,
respectively. The calculated values of the adsorption capacity (g, cal) for
pseudo-first- order kinetic model were 1.7762 + 0.029, 1.8795 + 0.039,
1.9063 + 0.058 and 2.1774 + 0.095 for Cu®", Pb?", Cd** and Zn*" ions,
respectively. The values above for g, cal are not in good agreement with
the experimental adsorption capacities (g, exp) of heavy metal ions.

3.4.2. Pseudo-second order kinetic model
The model can be expressed as [78,87]:

t 1 1
= —t 10
q: Kqu * qe ( )

where, K5 (g/mg.h) is the rate constant of second-order adsorption.
The kinetic parameters for the model ¢, cal and K, (Table 2) were

obtained from the slope (i) and intercept (ﬁqz) of the linear plot of [

versus t (Fig. 7b). The regression correlation coefficient (R?) values for
the model were 0.9999, 0.999999, 0.9997 and 0.99995 for Cu**, Pb*",
Cd?* and Zn?" ions. The calculated values of the adsorption capacity
(qe cal) for pseudo-second order kinetic model were 9.703 + 0.0048,
10.061 = 0.0056, 9.332 + 0.0126 and 9.981 + 0.0071 for Cu®", Pb%™,
Cd?* and Zn?" ions, respectively. The values above for g, cal are in good
agreement with the experimental adsorption capacities (g, exp) for the
heavy metal ions. The values of K, for all the metals are less than 1
which indicates that adsorption was high in the initial stage and

Table 2
Adsorption kinetics models parameters of Cu®>", Pb>*, Cd*" and Zn*" ions
adsorption by AC-Ag-SiO2 nanocomposite.

Kinetic parameters Metal
model Cut Ph2+ cdz+ Zn2+
Pseudo-1st- g exp (mg/ 9.43 &+ 9.92 + 9.02 + 9.74 +
order g) 0.01 0.002 0.01 0.01
kinetics R? 0.9891 0.9977 0.8207 0.9664
q. cal (mg/ 1.78 + 1.88 + 1.91 + 2.18 +
g) 0.03 0.04 0.06 0.1
K 0.013 + 0.02 + 0.013 + 0.02 +
0.0004 0.0002 0.001 0.001
Pseudo-2nd- R? 0.9999 0.999999 0.9997 0.99995
order q. cal (mg/ 9.70 £ 10.1 + 9.33 £ 9.98 +
kinetics 2) 0.005 0.01 0.013 0.01
K> 0.014 + 0.03 + 0.012 + 0.02 +

0.0002 0.001 0.001 0.001
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Fig. 7. (a) pseudo-first-order and (b) pseudo-second-order kinetics for Cu®*, Pb%*, Cd>* and Zn?* ions adsorption onto AC-Ag-SiO, composite.

decreased with lapse in time [72].

A comparison of the correlation coefficients and the equilibrium
adsorption capacities of the two models show that pseudo-second-order
kinetic model possesses higher correlation coefficients and has calcu-
lated equilibrium capacities that are close to the experimental equilib-
rium capacities for all the metal ions. The adsorption kinetic data
suitably described pseudo-second-order kinetic model.

3.5. Thermodynamic studies

The change in Gibbs free energy (AG°) was calculated using equa-
tions below [73,88]; [102]);

Kc :g—i an
AG®° = — RTInK 12)
AG° =AH®° — TAS® (13)

The enthalpy change (AH°) and entropy change (AS®) change was
determined from the Van’t Hoff equation below [31,89].

—AH®  AS°

InK = 1

n BT + R a4
Therefore,

AH®° = — R x Slope (15)

AS =R x Intercept (16)

where T is the absolute temperature (K), AG® (kJ.mol™1) is the Gibbs
free energy change, AH® (kJ.mol™!) is the enthalpy change, R is gas
constant (8.314 Jmol_lK_l) and AS° (kJmol_lK_l) is the entropy
change.

A thermodynamic analysis of adsorption process of heavy metal ions
on the composite was carried out to evaluate and estimate the practi-
cality of the adsorption process. The Gibbs free energy change (4G°),
enthalpy change (AH°) and entropy change (4S°), are presented in
Table 3; the Gibbs free energy change at temperatures from 298 K to
328 K for adsorption of the metal ions were all negative showing the
feasibility and the spontaneous nature of the adsorption process ([100],
[101]). It was also observed that as the temperature was increased, the
change in free energy increased gradually. This is largely because of the
activation of more sites on the surface of the adsorbent as the temper-
ature increases [90]. For physical adsorption the free energy change
(AG®) ranges between (—20 and 0) kJ/mol and for chemical adsorption
it ranges between (—80 and —400) kJ/mol [29,79,90]. The free energy

Table 3
Thermodynamic parameters for Cu>*, Pb%*, Cd?* and Zn?* ions adsorption onto
AC-Ag-SiO, composite.

Metal T (K) K¢ AG (kJ/mol) AH (kJ/ AS (J/K.mol)
mol)
Cu** 298 15.89 + 1.31 —6.85 + 0.19 30.24 + 123.6 +
308 18.96 + 1.76 —7.53 +£0.23 4.79 16.02
318 28.67 + 2.74 —8.87 +0.24
328 48.26 +9.76 -10.57 +
0.54
pb>t 298 108.89 +3.80 —11.62+ 25.89 + 126.4 + 6.15
0.09 1.74
308 184.19 + —13.36 +
16.76 0.24
318 207.33 + —-14.10 £
20.91 0.26
328 302.03 + —15.57 +
31.11 0.27
cd*+ 298 9.02 £ 1.35 —5.45 + 0.35 22.81 + 95.1 + 14.33
308 13.03 +1.19 —6.57 + 0.23 4.50
318 17.66 + 1.10 —7.59 £ 0.17
328 20.69 + 2.05 —8.26 +
0.281
Zn** 298 33.72 £ 3.62 —8.72 + 0.99 39.12 + 162.4 +
308 96.09 + 5.28 —-11.69 £ 8.70 27.17
0.74
318 120.95 + —12.68 +
12.54 0.26
328 152.85 + —-13.72 £
11.13 0.20

change for all metal ions ranged between (—5.4493 and —15.572)
kJ/mol which means physical adsorption was more predominant.

The values of the enthalpy change (AH®) and entropy change (AS°®)
change were determined from the slope and intercept of the Van’t Hoff
plot (Fig. 8). The changes in enthalpy (AH") were 30.24 + 4.794, 25.89

+ 1.744, 22.81 + 4.499 and 39.12 + 8.702 kJ/mol for adsorption of
cu?*, Pb?*, Cd%* and Zn?" ions; showing the endothermic nature of the
adsorption process. The change in entropy (AS°) was also evaluated and
the values of AS® were 123.6 + 6.146, 126.4 + 6.146, 95.1 + 14.325
and 162.4 + 27.168 J/mol K for Cu®", Pb>*, Cd*" and Zn" ions,
respectively. The positive values of entropy (AS°) show that there is an
increased disorder in the interaction of metal ions with the composites
surface as adsorption progresses.

3.6. Regeneration studies

The regeneration of an adsorbent is very significant as it makes the
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Fig. 8. Van’t Hoff plot for the adsorption of Cu?>*, Pb%*, Cd*>* and Zn?* ions
onto AC-Ag-SiO, composite.

adsorption process more economical and reduces the environmental
impact [91]. In this study, the utilized AC-Ag-SiO composite was
treated with 1 M sodium hydroxide for 24 h followed by 24 h treatment
with 1 M HCI for desorption of heavy metal ions on the adsorbent [72].
Regeneration experiments were performed by dispersing 0.4 g of the
regenerated adsorbent into 100 ml of 10, 25, 50, 75 and 100 mg/L
multi-component solutions containing Cu?*, Pb®*, Cd** and Zn?" ions
and agitated at 250 rpm at a temperature of 298 K for 200 min. Two
recycles were achieved by repeating the same procedure. Analysis of
variance executed in Excel 2016 for a single factor showed that there
was no statistically significant difference between the initial and two
cycle regeneration-adsorption (p > 0.9). The result confirms that the
composite can be reused with effective removal efficiency of heavy

a
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metal ions as shown Fig. 9 a-d. In all the cases, percent removal was
more than 60% for the highest concentration at 100 mg/L metal ion.

3.7. Comparison of adsorption capacity of various adsorbents with the
present study

The adsorption capacity for the activated carbon silver-silica com-
posite was compared with other sorption materials. Table 4 shows the
adsorption capacity for single metal ions; copper, lead cadmium and
zinc respectively.

3.8. Proposed mechanism of adsorption

The carbon in the composite was activated by sulphuric acid fol-
lowed by thermal treatment which developed the acidic oxides on its
surface [72]. Thus, the suggested adsorption mechanism is ion exchange

Table 4
Comparison of adsorption capacities for the removal of Cu®*, Pb**, Cd*" and
Zn* ions with various adsorbents.

Adsorbent Qe (Mg/g) References
Cu** pb>t cd** Zn**
AC-Ag-SiO, 84.75 + 81.30 + 87.72 + 81.97 + This work
0.24 0.2 0.96 0.24
WSA/Starch/ 45.4 - - - [102]
Fe304
ACL/Fe304 - - 39.6 - [92]
Nano-silica - - 53.13 — [21]
Eggshell/ - 57.14 48.54 - [931
starch/Fe30y4
BPB/Fe30,,ZIF- - - 50.78 - [102]
67
nANB 21.23 26.32 20.83 11.90 [72]
AC/NiFe;04 105.8 - - 75.1 [94]
b
Pb(ll)

100+

-o- |nitial cycle
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- 2™ cycle
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Fig. 9. Percentage removal of (a) Cu**, (b) Pb%*, (¢) Cd*" and (d) Zn?* by regenerated AC-Ag-SiO, composite.
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which is based on the model of metal binding and proton releasing re-
action [95] of Cu®*, Pb%*, Cd?* and Zn?" ions on AC-Ag-SiO, composite.
Furthermore, in aqueous medium, the silica surface forms silanol groups
(e.g. —Si(OH), -Si(OH),, -Si(OH)3) at the interface [96]. In principle,
adsorption through electrostatic interactions between dissolved cations
and negatively charged silanolate surface site can occur. Nevertheless,
experimental evidence suggests ion exchange as the primary adsorption
mechanism [69,96].

4. Conclusion

In this study, activated carbon, silver nanoparticles (Ag NPs), silica
nanoparticles (SiO2 NPs) and activated carbon-supported silver and
silica nanoparticles composite (AC-Ag-SiO;) were successfully synthe-
sized. The prepared materials were characterized using Fourier Trans-
form Infrared spectroscopy (FT-IR), Ultraviolet-visible spectroscopy
(UV-Vis), Atomic Force Microscopy (AFM) and X-Ray Diffraction (XRD).
The composite (AC-Ag-SiOy) was also assessed for adsorption of Cu
(Hamwiinga et al.), Pb (Hamwiinga et al.), Cd (Hamwiinga et al.) and Zn
(Hamwiinga et al.) ions from water. Batch adsorption experiments were
conducted to study the influence of several factors such as pH, adsorbent
dose, contact time, temperature and initial metal ion concentration on
adsorption of Cu®*, Pb?*, Cd%>" and Zn?" ions. The adsorbent was able to
remove metal ions individually and as a multi-ion mixture. The
Freundlich isotherm model and pseudo-second-order kinetic model
provided a better fit to the experimental data. The maximum adsorption
capacity was found to be 84.75 + 0.24, 81.30 + 0.2, 87.72 + 0.96 and
81.97 + 0.39 mg/g for Cu®*, Pb?*, Cd** and Zn?" ions, respectively.
The obtained values of thermodynamic parameters such as Gibbs energy
(AG®), enthalpy (AH°), and entropy (AS°) showed that the adsorption
process of Cu?*, Pb?*, Cd?* and Zn®" ions onto AC-Ag-SiO composite
was spontaneous, feasible, endothermic and physical in nature. Regen-
eration studies revealed that AC-Ag-SiO, composite could be reused
effectively.
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