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Abstract

In this study, nano-adsorbent materials were synthesized from two different precursors by thermal activation
technique. The first was the synthesizing of nano-zinc silicate from chemical reagents of zinc oxide and commercial silica
gel. The second was the preparation of nano-pore size activated carbon from different biomass. The synthesized nano-
adsorbent materials were characterized by different techniques; Surface Area, FTIR, XRD and SEM. The prepared nano-
adsorbent materials were applied in the sorption and separation of some heavy metals from aqueous solution. These
metals includes; Pb (11), Ni(ll), Co(ll), Mn(Il) and Li(l). Some factors affecting on the sorption process (e.g. contact time and
pH) were investigated. It was found that: the nano-zinc silicate (of ratio 1:1 thermally treated at 700 °C3 and nano-pores
activated carbon (prepared from saw dust impregnated with 70% HsPQO4 overnight, then heated to 500 "C in presence of
steam for 80 min.) were the best samples for sorption and separation of concerned heavy metals.

Key words: Nano-adsorbent; zinc silicate; activated carbons; heavy metals; sorption.

Council for Innovative Research

Peer Review Research Publishing System
Journal: Journal of Advances in Chemistry

Vol. 10, No. 8

editorjaconline@gmail.com

WWW.cirjac.com

3053 |Page November 12, 2014


http://cirworld.com/

& ISSN 2321-807X

Introduction

Different contaminants are released to water with the rapid industrialization of human society, including heavy
metal ions, organics, bacteria, viruses, and so on, which are serious harmful to human health. Among all water
contaminations, heavy metal ions have high toxic and non-biodegradable properties; can cause severe health problems in
animals and human beings [1, 2]. The disposal of heavy metals is a consequence of several activities like chemical
manufacturing, painting and coating, mining, extractive metallurgy, nuclear and other industries [1, 2]. Therefore, the
treatment and removal of heavy metal ions received considerable attention [3, 4]. Nano-materials, often possess novel
size-dependent properties different from their large counterparts, many of which have been explored for applications in
water and wastewater treatments [5]. In the global efforts to decrease the generated hazardous waste, green chemistry
and chemical processes are integrating with contemporary developments in science and industry [6]. Hence, any synthetic
route should address these principles by using friendly environmentally solvents and non-toxic chemicals [7]. A number of
techniques have been developed for treating water and wastewaters embedded with heavy metals. It includes chemical
precipitation, reverse osmosis, membrane filtration, solvent extraction, ion exchange and adsorption [4, 8]. Adsorption is
found to be more appropriate and user friendly technique as it has a lower cost of design and operation and it is simple to
apply [9, 10]. The use of nano-adsorbent materials offers significant improvement with their extremely high specific surface
area, fast dissolution, high reactivity and associated sorption sites, short intra-particle diffusion distance and tunable pore
size and surface chemistry [5]. For many years, silica and silica based materials have attracted great attention due to their
special physicochemical properties, low cost and abundant supply and have been widely applied in many fields as
molecular sieves, catalyst supports for gas absorption and separation and as raw materials for the glass industry [11, 12].
Among these materials ZnSiOs; and Zn,SiO4 that have found widespread applications for industrial, technological and
domestic purposes [11, 12]. Consequently in order to enhance the adsorptive properties of silicates it is necessary to
control and adjust the morphology, specific surface area and pore size of the prepared silicates. Where, the demand for
improved silica types with specific properties such as pore volume and size distribution, surface area or reactivity is fueling
the search for innovative production of such materials [11, 12].

In addition to silicate, activated carbons (ACs) are the most commonly used and most effective adsorbent [10].
Nevertheless, its application fields are restricted due to its high cost [10]. The use of low-cost wastes and agriculture by-
products to produce activated carbon, carbonization technique, has been shown to provide economical solution to this
problem and consequently the adsorption capacities of such materials for the removal of pollutants was increased [8,10].
Especially the interest is growing in waste and wastewaters treatment using biomass based adsorbents due to their lower
cost and local availability [4, 8, 9, 13-17].

The aim of this paper is to prepare nano zinc silicate and nano-pores activated carbon materials using simple
routes and study the adsorption performance of the prepared nano-materials toward some selected heavy metal ions. The
prepared powders will be characterized using X-ray diffraction (XRD), Fourier transform infrared spectra (FTIR), scanning
electron microscopy (SEM) and specific surface area (SA) measurements. In addition some factors affecting the
adsorption process such as pH, contact time and types of adsorbents and adsorbates will be investigated.

Experimental

Preparation of nano zinc silicate.

Nano zinc silicate powders were prepared using ZnO powder (99% May & baker Itd, England), SiO» gel powder
(BDH chemicals Itd, Poole England, silica gel 60-102 mesh for chromatographic adsorption analysis) and isopropy! alcohol
(99.8% Scharlau, Spain) as starting materials. All the used chemicals were of A R grade. Each powder was ground for 1hr
using a mortar and pestle then sieved to 38 um using an electrical siever (analysette siever, Germany). The sieved
powders were mixed in a stoichiometric ratio (1:1) using isopropy! alcohol to make homogeneous mixtures then dried at
100 °C for 72 hrs and calcined at 300 °C for 4 hrs in an air oven at a heating rate of 10 °C/min. The calcined powders were
sintered at 700, 800 and 900 °C for 3hrs in air at a heating rate of 10 °C/min. Table 1 shows the composition and
abbreviation of the prepared samples.

Table 1: Composition and abbreviation of the prepared zinc silicate samples

Sample Composition Activation tﬁg;?se)rature (e Abbreviation
Si0,:Zn0O 11 700 (S47)
Si02:Zn0O 1:1 800 (S4s)
Si02:Zn0O 1:1 900 (S49)

Where the abbreviation S4; means: S=silicate, 4=precalcined for 4 hrs before activation, 7=temperature of activation. And
so on with the other samples.

Preparation of activated carbon.

The agro-residue raw material, Rice Husk (RH) and Saw Dust (SD), were supplied from El-Dakahlyia Governorate
in Egypt. They were collected, washed with distilled water, dried at 110 °C for 48 hrs, to facilitate subsequent crushing and
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grinding. The dried RH and SD were crushed and used in preparation of hano pores activated carbons by impregnation of
crushed agro-residue in phosphoric acid. Starting with a 85 wt. % H3zPO4 (BDH), the concentration of 70 % was obtained
by dilution. Three equal weights of the crushed agro-residues were prepared; mixture of 50% RH and 50% SD, 100 % SD
and 100% RH (samples AC;, AC, & ACs;, respectively). The three samples were soaked in enough H3PO4 solution to
cover it completely, slightly agitated to ensure the penetration of the acid throughout, then the mixture was heated to 80 °C
for 1 hr and left overnight at room temperature to help appropriate wetting and impregnation of the precursor. The
impregnated masses were dried in an air oven at 80 °C overnight, then, admitted into the ignition tube, which was then
placed in a tubular electric furnace open from both ends. The temperature was raised at the rate of 50 °C/10 min, to allow
free evolution of volatiles and drain of tarry matter, to attain 350 °C. Then the pure steam is introduced from the top of the
tube using steam generator up to the hold temperatures of 500 °C. Soaking at final temperature was conducted for 2 hrs.
The cooled masses were subjected to thorough washing with hot distilled water until the washings was neutral in effect,
then dried at 110 °C for 48 hrs, and finally kept in tightly closed bottles.

Characterization of nano-adsorbent materials.

The prepared powders were characterized using X-ray diffraction (XRD: Shimadzu 6000 made in Japan). The
used X-ray tube is a copper-tube operating at 40 KV and 30 m A and the used wavelength is Kq1 with wavelength 1.54056
A. The scan was performed over the range 26 (4-90) degrees. The identification of the present crystalline phases was
done using Joint Committee on Powder Diffraction standards (JCPDS) database card numbers. The surface morphology
of synthetic nano-adsorbent materials was examined by JEOL analytical scanning electron microscope (SEM) (JSM-6510
LA, Japan). Coarse elemental analyses were carried out from energy-dispersive X-ray spectroscopy (EDX) spectra
connected to the same JOEL SEM instrument using suite version 4.05 software. The scan was performed at high vacuum
mode using an accelerating voltage of 30 KV, a working distance of 20 mm and magnification X 3000. Nitrogen gas
adsorption isotherms at 77K using a Quantochrome Instrument NOVA 1000e (USA) was used to determine the surface
area, total pore volume and average pore size of the nano-adsorbent materials. At the beginning the sample was
degassed at 300 °C for >3 hrs to drive off moisture and any other volatile material that could interfere with the adsorption
of nitrogen. Surface area of the samples was calculated from Brunauer-Emmett-Teller (BET) equation. Fourier transform
infrared (FTIR) spectra of nano-adsorbent materials were recorded on Pomen, Hartman Spectrophotometer with KBr
pellet technique in the mid-infrared range (4000 to 400 cm™) with 4 cm™ resolution.

Application of the prepared nano-adsorbents in the sorption of some heavy metals.

The synthesized nano-zinc silicate and nanopores-activate carbons were used in the sorption of Pb(ll), Ni(ll),
Co(Il), Mn(II), Li(l) from aqueous solution to investigate the adsorption capacity of these new materials in addition to the
reclamation of these valuable metal for reuse in industrial purposes. To achieve that, some factors were investigated: type
of adsorbent and adsorbate, contact time and pH.

Batch adsorption studies.

To study the effect of contact time, pH of solution, type of adsorbent and adsorbate; the sorption experiments of
heavy metal on synthetic nano adsorbents were carried out at constant temperature (25 + 1 °C) using 50 mL
polypropylene tube with screw cap. The solutions pH was adjusted by additions of HNO3; or NaOH and the pH values at
the beginning and the end of experiments were measured using a digital pH meter of Hanna Instruments type at the
ambient laboratory temperature degree 25 + 1 °C with a BNC waterproof electrode. All tests were conducted using 0.05
gm of adsorbent with 10 ml solutions containing the metal ions of initial concentration 50 mg/l for various time ranged from
5 to 120 minutes. In all cases, the sorbents were removed from the solutions by centrifugation for 20 min at 4000 rpm
using Hettich Centrifuge, model ROTOFIX 32 A. Atomic Absorption Spectrometer (AAS), Model (S4) thermo Electron
Corporation was used for the measurement of the metal ions concentration in the aqueous phase. For batch investigation,
a good shaking for the two phases was achieved using a thermostatic mechanical shaker of the type Julabo SW-20 C,
Germany. The amount of metal adsorbed was calculated by the simple mass balance relationship:

Qe=(Co-C¢) X VIW 1)

Where C, and C. are initial and final concentration, V is the volume of solution per liter and W is the weight of
adsorbent in gm. And the % removal of each metal was calculated from the following equation:

% removal = (Co-Ce) /C, X100 2)
Results and discussion

The adsorption of contaminants depends on many factors among them, the properties of the adsorbents (i.e.
particle size, porous structure, surface chemistry) [18]. Accordingly, an effort was done to produce nano-materials with a
better properties and performance than used before using a simplified materials and methods. Usually, the fabrication of
Zn,Si0, ceramics could be achieved by solid-state sintering process at a sintering temperature of 1300 °C [19]. It was
found that Zn,SiO4 could be formed at a lower sintering temperature ~ 900 °C by the addition of the pre-treated BaO-B,03
or H,SiO3-H3BO3 mixtures, which had the potential to transform into a melt at relatively low sintering temperature (869-
900) °C, to the pre-sintered mixed ZnO-SiO, [19]. In our study, we tried to synthesize nano Zn,SiO, at a lower
temperature, < 900 °C, than used previously by using a simple conventional solid-state applying “hard ground and sieving”
technique for the used precursors. Therefore this pretreatment allowed the use of precursors having small particle sizes
which could penetrate into the nano-regime and became active to make solid state interaction between the precursors at a
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lower sintering temperature. Also our target was not only to prepare Zn,SiO4, as a pure phase, but also we wanted the
presence of ZnSiO3 as a secondary phase to benefit from its presence in increasing the adsorption efficiency of the used
nano-materials. Concerning the ACs, the literatures showed several studies related to the conversion of lignocellulosic
materials into activated carbons (ACs) describing the large varieties of activation processes existing (physical and
chemical activations) with emphasis on their advantages and drawbacks as well as the adsorption capacity development
and the changes on the surface chemistry as a function of the experimental variable used [20]. The material was
physically activated by carbonization under inert atmosphere then activated at high temperature using either steam or
carbon dioxide as the activating reagent [21]. Otherwise in the chemical activation, the precursor was treated with
chemical to help with initial dehydration [21]. In most cases, the chemical activation was preferred over physical activation
due to the fact that it was commonly used for biomass precursor for achieving higher yields and larger surface areas [21].
The prepared ACs have been activated with phosphoric acid, where several studies in the literature have been concerned
with H3PO, activation of lignocellulosic precursors to ACs with well-developed pore structures in higher yields at relatively
lower temperatures than physical activations [22].

Characterization of synthesized nano-adsorbent materials.
X-Ray Diffraction Analysis (XRD).

Figure 1(a-c) shows the X-ray diffraction pattern of the prepared nano zinc silicate powders thermally activated at
700, 800 and 900 °C for 3hrs,_respectively. S4; was characterized by the presence of both Zn,SiO4 having rhombohedral
structure with space group R 3(148) (JCPDS 70-1235) as a major phase and ZnSiOz having orthorhombic structure with
space group Pbca (61) (JCPDS 70-0852) as a minor phase as shown in Figure 1 (a). No peaks for ZnO or SiO; were
observed indicating the complete solid state reaction between the reactants leading to the formation of ZnSiOs and
Zn;Si04. The broadening of the diffraction peaks suggested that the particle size of the two phases was very small. The
average particle size (D) is 57.5 nm for Zn,SiO4 and 58.7 nm for ZnSiO3 as given from the Debye- Scherrer equation [23]:

D =0.94\ B cos® (3)

Where; A is the wavelength of the X-ray radiation used and B is the full width at half intensity maximum (FWHM) in
radian. No change in the structural behavior of S4g and S4¢ was observed, Figure 1(b-c). An increase of the obtained
diffraction peaks sharpness was observed in S4g due to the particle size growth of Zn,SiO4 and ZnSiOs to 68.5 nm and
70.7 nm respectively, Figure 1 (b). Otherwise a decrease in the grain size of Zn,SiO4 to 65 nm and slight increase in grain
size of ZnSiO3 to 71.3 nm was observed in S4q, Figure 1 c.
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Figure 1: XRD of the prepared nano zinc silicate powders thermally treated at 700, 800 and 900 °C for 3h.

XRD revealed that both of ZnSiOs and Zn,SiO, were synthesized at annealing temperatures of 800 and 900 °C
with onset growth at 700 °C. Moreover, the XRD results showed that the composition of the Zn,SiO4 powders annealed at
800 and 900 °C consisted of higher concentration of crystalline Zn,SiO4 as the temperature increased. This emphasized
that the synthesis of Zn,SiO, was achieved at 900 °C. This was lower than the reported temperature for solid-state
reaction to produce zinc silicate [24, 25]. Thus, increasing the annealing temperature and soaking time may induce the
complete conversion of the unreacted zinc oxide and silicon dioxide. However, the possibility of producing a different
compound was plausible and need to be explored further [24].

Scanning Electron Microscopy (SEM-EDX).

Scanning electron microscopy (SEM) of the prepared activated carbons, Figure 2, showed that the texture and
developed porosity was strongly affected by characteristics of the starting materials. AC that has the highest surface area
as will be shown latter, was obtained from SD. Elemental analysis of the activated carbon was accomplished using energy
dispersive X-ray spectroscopy (EDX).
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Figure 2: Scanning electron microscopy (SEM) and EDX of prepared activated carbons.

EDX analysis revealed that the AC, sample contained P, Si, Al, Na, O and C where the AC, sample contains P, O
and C only. The presence of P comes from the HsPO, used in the activation process; O and C came from the cellulosic
material of the two precursors, but the presence of Si, Na and Al in the AC; came from RH precursor. Therefore, these
elements were present with considerable amount in AC3 sample which is only RH. According to Galiatsatou et. al. [26], the
pores of activated carbons was classified into three groups depending on the pore width (pw): microspores (pw < 20A);
transitional mesopores (20 A < pw < 500 A); macro pores (pw > 500 A). During adsorption, macro and mesopores allowed
rapid transport of the adsorbate into the interior of carbon for subsequent diffusion into micropore volume. Consequently, a
well-developed porous network in all pore size ranges results in improved adsorption properties of the carbon.

Fourier transforms infrared (FTIR) spectra.

The prepared zinc silicate powders thermally treated at 700, 800 and 900 C were further characterized using
FTIR Figure 3. The FTIR spectra showed dominant peaks between 488 to 3495 cm ™. Where, the spectral region at 1100
cm™ was characterizing for the asymmetric Si-O stretching [27]. All samples showed this strong band (~ 1100 cm™) with
slight shift due to the variation in particle size values of the different samples with the temperature as given from XRD.
Bands at 897.9, 1097 8, 2335.8 and 2361.1 cm™ were attributed to SiO4 asymmetric stretching vibration modes [28].
Bands at 933-940 cm™ were attributed to Si-O-Zn stretching of both ZnSiO3; and Zn,SiO4 phases.
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Figure3: FTIR of the prepared nano zinc silicate powder thermally treated at 700, 800 and 900 °C for 3h.

3059 |Page November 12, 2014



&) ISSN 2321-807X

On the other hand the lower bands at 480-500 cm™ were characteristic for ZnOs. Also, bands at 600-610 cm?
specified the growth of Zn,SiO, at this temperature [28]. Beside the given asymmetric stretching vibrations outlined above,
the FTIR spectra of the synthesized powders annealed at 800 and 900°C exhibited symmetric stretching and deformation
vibration modes of ZnO4 and SiO4 as observed in Figure 3. Based on previous studies of Zn,SiO,4 synthesized using solid-
state reaction, annealing temperature must be between 1100 and 1400°C to produce zinc silicate [25]. However, FTIR
spectra of the synthesized zinc silicate powders annealed at 700°C showed the vibrations corresponding to ZnO4 and SiO4
groups indicating the growth of Zn,SiO4, as shown in Figure 3.

Thus, FTIR spectra of zinc silicate powders annealed at 800 and 900°C have shown all wave numbers pointing to
Zn0O4 and SiO4 of Zn,Si04 and ZnSiOs3 indicating that Zn,SiO, powders were produced at these temperatures.
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Fig. 4: FTIR of the prepared activated carbon from different precursors.

With respect to the prepared activated carbon, the spectra shown in Fig. 4 shows the FTIR of three prepared
samples; AC;, AC, and AC3 which prepared from precursor as mentioned above. The FTIR of AC; displayed a number of
absorption peaks, indicating the complex nature of the surfaces of this sample as it contained peaks presented in the other
two samples as it prepared from 50% RH and 50% sawdust. The broad peak at 3418.6 cm™ can be attrlbuted to the
hydrogen-bonded OH group of alcohols and phenols [29]. This peak shifted to sharp one at 3428.4 cm™ in the AC,
prepared from SD only and it shifted to 3391.8 cm™ in the ACs prepared from RH only. Also, these bands could be arising
from the N-H stretching vibration in primary amines. The band at 2917.7 cm™ in ACy, arises from the —CH stretch of a
methylene [30].

Also, the peak at 1189 3 cm™ in ACiwas associated with C O stretching vibrations in carboxylic acids [31], this
peak shifted to 1161.6 cm™ in AC, and it shifted to 1185.5 cm™ in ACs (prepared from RH+SD) confirming the peak
present in ACy(prepared from RH only). These major shifts in band suggested that the alcohols/phenols and carboxylic
acid groups were involved in metal binding. In addltlon the band at 1597.0 cm’ represents the C=C skeletal stretch in
condensed aromatic system and a peak at 754.2 cm’ ! could be assigned to the out-of-plane C-H bending modes of an
aromatic compound [32]. Agricultural biomasses mainly consist of lignin, cellulose, hemicelluloses and some proteins
which made them effective adsorbents for dissolved solids.

Surface Area Analysis

Nitrogen adsorption, because the relatively small molecule diameter of nitrogen, is frequently used at 77 K to
determine porosity and surface area and to be a standard procedure for the characterization of porosity texture of
carbonaceous adsorbents.

The adsorption isotherm is the information source about the porous structure of the adsorbent, heat of adsorption,
characteristic of physical and chemical adsorption and so on. Adsorption isotherm may be grouped to six types. Prepared
adsorbents exhibited adsorption isotherm of type 1V according to IUPAC [33]. The type IV isotherm represents the micro—
mesoporous structure of the adsorbents. The initial part of the isotherm follows the same path as the corresponding type I
isotherm and therefore the result of monolayer—multilayer adsorption on the mesopore walls [34]. The type (IV) isotherms
with Hi- type Hysteresis loop, described the presence of tubular capillaries pores in between the particles [35, 36]. The
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BET surface area (Sger), Langmuir surface area, total pore volume and average pore radius results obtained by applying
the BET equation to N, adsorption at 77 K are listed in Table 1. As seen from this table, the pore diameters of the
prepared samples were in the range of nano-porous diameters.
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Figure 5: Adsorption-desorption isotherm of nitrogen onto S4; prepared sample.
Table 2: Surface area analysis of the prepared adsorbents.
Parameters S4; S4g S4q AC, AC, ACs
BET Surface area (m“/g)  44.14 36.06 33.09 17.96 1109.98 324.12
Langumir surface area 68.24 56.65 0.00 30.25 1598.25 487.36
Total Pore volume (cc/g) 4.476 e  2.798e™* 1.808e”®  1.829e* 7.27e"t  2.379e™

Average pore radius (A) = 2.028 e™* | 1.92616e™* | 1.093e™  2.037e"™*  1.31e™* | 1.468e™
Pore diameter (nm) 4.056 3.852 0.218 4.074 2.62 2.936

As seen from table (2): with respect to zinc silicate sample, as the temperature of preparation increases the surface
area, total pore volume and pore diameter decreases. This may be due to the increase of the formation of crystalline form
of silica. While in the case of activated carbon samples, these parameters seem to be dependant mainly on the type of
precursors of the activated carbon.

Application on the synthetic nano-adsorbents in the sorption of heavy metals.

Most of heavy metal ions are toxic to living organisms. These metal ions are non-degradable and are persistent in
the environment. Therefore, the elimination of heavy metal ions from wastewater is important to protect public health.
Sorption is considered as a very effective and economical process for metal ion removal from wastewaters. There are
many factors affecting on the adsorbent materials in the sorption of metal ions present in agqueous solutions. In the
following we will investigate some of these factors.

Sorption depending on the type of adsorbent.

The different prepared nano-adsorbents materials were applied to study its efficiency in adsorption and separation
of Pb(ll), Ni(ll), Co(ll), Mn(Il) and Li(I) and the results were listed in table 3. As seen from this table:
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Table 3: Effect of adsorbent type on % removal of studied heavy metals.

Nomenclature % Removal of the studied heavy metals Total Difference
b | Nah | Coh | Mnay | Ly | c@Paciy | between
Electronegativity 1.87 191 1.88 155 0.98 ZS&AC
S4; 100 125 99.8 36.8 -- 249.1 723.0
S4g 100 15.0 99.9 28.1 -- 243.0
S4q 99.8 15.0 99.9 12.8 34 230.9
AC, 99.8 -- 99.7 29.8 4.1 233.4 749.6
AC, 100 10.0 94.4 -- 3.8 208.2
ACs 98.0 5.00 100 100 5.0 308.0
Total % R 597.6 57.0 593.7 207.5 16.3

(1) The total capacity of the zinc silicate samples decreased as the temperature of preparation increased. This may be due
to the decrease of the surface area and total pore volumes.

(2) The total capacity of the prepared activated carbon did not depend on the surface area but depends on the type of the
precursor and the sample prepared from rice husk only was found to have the highest adsorption capacity and this
may be due to the high content of silanol groups in this sample giving the chance of exchange of metal ions with
hydrogen ions of these groups.

(3) If we have a binary mixture of metal ion of Li(l) and one of other metals, the prepared zinc silicate (ZS) samples can be
used to separate Li(l) from the second metal ion in the same solution. This may be due to the higher electronegativity
of later ions than that of Li(l) ion.

M )

Binary solution
Pb (D) +Li(D) Ph(ID) + ZS
Co(ID+LiD Co(@)+ Z8S
Mn(ID)+Li(T) ‘ +ZS [ Mmam + zs +LiM
\Ni(II}+Li{I) Ni(I@) + ZS /

Fig 6: Separation of studied heavy metals using prepared nano-zinc silicate (ZS).

(4) The same behavior was observed with the ACs samples but with different details. The highest % removal was obtained
by ACs3 which was prepared from rice husk only and the lowest value obtained by AC, which was prepared from
sawdust only.

(5) The total capacity of % removal of prepared AC is higher than that of ZS samples.

As indicated from Table 2, S47 S4s and AC;, AC;, could be used as good adsorbents for the adsorption and
separation of binary mixtures of metal ions. Irrespective of the type of the adsorbed metal ions, the efficiency of the
studied adsorbents was related to their microstructures, surface structures and pore size distribution. S4; was
characterized by a tailored nanostructure as given in the XRD. Which in turn could be beneficial in providing an increased
surface area that aid to the transport of metal ions from the liquid phase to the reaction sites of S47 [37]. Meaning that the
nanostructure played an important role in enhancing the chance of decreasing the energy of adsorption of metal ions and
decreasing the diffusion path barrier at liquid-solid interface. Beside AC, was characterized by a higher specific surface
area when compared to the other prepared ACs, its structure was characterized by a regular tubular developed pores
having smooth surface as shown in the SEM. In this case a regular network of interconnected pore channels could
facilitate ion transport by providing smaller resistance and shorter diffusion pathway [32].

Effect of heavy metal ions

There is no consensus in the competitive adsorption of metal ions, as researchers have attributed their different
affinities to different factors [38]. These factors were related to the properties of these ions in aqueous solution and could
affect surface binding and interaction energies or the accessibility of surface centers which could be linked to the size of
the species adsorbed [38]. The transportation of the adsorbate ions from the solution phase to the surface of the
adsorbent particles was controlled by mass transfer diffusion, pore diffusion, surface diffusion, and adsorption into the
interior surface of the adsorbents or a combination of one or more steps [14]. Consequently the maximum adsorption
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amount of the tested heavy metals on the used adsorbents depends on the adsorption mechanism [39]. Many papers
translate the high percentage of the adsorption of Pb(ll) onto the used adsorbents to its high electro-negativity [21].
Consequently the order of affinity to the adsorbate must be: Ni(ll) > Co(ll) > Pb(ll) > Mn(ll) > Li(l), which didn’t fit with the
obtained results, as given in table (2). So we couldn’t classify the order of metal ions removal on the basis of
electronegativity. Sometimes the adsorption of metal ions was associated to the size of the ions and the pore
development, i.e. the smaller the size of the metal ions the easier its adsorption [40- 41] meaning that Pb (II) having ionic
radius (1.19 A°) must be less adsorbed than the Li (I) (0.076 A°), Mn (lI) (0.070 A°), Co (Il) (1.25 A®) and Ni (II) (0.070 A°),
this trend didn’t also match with the obtained results where: the adsorption order is Pb(Il) > Co(ll) > Mn(ll) > Ni(ll) > Li(l) as
seen from table (2). The reason of the high percent removal of metals having large ionic size may be explained in term of
hydration energy: where in the large non hydrated ions, the charge was more dispersed and the hydration energy was
held less strongly [32]. So the bigger the ionic radius, the stronger the adsorption of the ion since the hydration capacity of
that ion was smaller resulting in weaker binding of the ion and water phase [32].

Effect of contact time.

The time needed for the interaction between the adsorbate and adsorbent is crucial: (the faster the removal, the
better the adsorbent). Hence, it is important to study the effect of contact time on the removal of the selected heavy metal
ions [38]. The effect of contact time on the efficiency of S47 and AC; for the adsorption of concerned heavy metal ions was
investigated, Figure 7. Where, the initial concentration of the selected heavy metal ions was kept constant (50 mg/L).
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Figure 7: % Removal of Zn-silicate (S4;) and activated carbon (AC,) for different metal ions.

The heavy metal percent adsorption increased with contact time until the equilibrium was attained. According to the
given data, it was found that 30 min was sufficient for two adsorbents to reach the equilibrium and became saturated with
the studied metal ions as shown from the given plots. The studies conducted on the adsorption of Pb*? removals revealed
that (95-99) % of this metal ion was removed within the first 5 min from S4; and AC,, respectively. The fast adsorption at
the initial stage was probably due to the increased concentration gradient between the adsorbate in the solution and the
adsorbate in adsorbent [42]. Where, there must be an increased number of vacant sites available at the beginning [42], As
the surface adsorption sites became exhausted, the uptake rate was controlled by the rate at which the adsorbate was
transported from the exterior to the interior sites of the adsorbent particles [43]. So the initial fast uptake was done through
a physical adsorption since adsorption tends to attain in instantaneous equilibrium. But there was another important factor
that influence the adsorption process was the characteristics of the adsorbent’s surfaces [18]. As the contact time was
increased, more and more functional groups participated in adsorption of the metal ions [42].

Effect of pH

The pH of the solution has a great influence on the adsorption capacity of a porous material. The acidity of the
solution affects previously this capacity, because the superficial charge of the adsorbent is a function of the solution’s pH
[21]. In aqueous solutions the cationic species depend on the pH of the solution and the total concentration of metal ions
[21]. At a certain pH range, most metal adsorption increases with increasing pH up to a certain pH value and then
decreases with further increasing pH [15]. Therefore, there is a favorable pH range for the adsorption of every metal on a
specific adsorbent [15]. Where, these ions exist as ions until the pH of solution at 6.0 [21].

At low pH (< 3), the prepared adsorbent surface could have a positive charge, so the electrostatic repulsion takes
place between the same charge of the cations and the adsorbent surface [21]. The adsorption of the selected heavy metal
ions could be influenced by the existence of the chemical surface groups and the pH of the solution [21]. Porous materials
possessing a large surface area could possess high adsorption capacities toward the heavy metals [39]. Functional
groups such as carboxyl, amine and hydroxyl on the surface could provide complexation with the heavy metal ions [39].
Functional groups containing oxygen or nitrogen atoms could provide nonbonding electrons to coordinate with the divalent
metals [39]. Consequently, complexation became a key factor in determining the adsorption capacities [39].
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In this study, the effect of pH on the selected heavy metals ions by S4; and AC, was investigated at different pH
(0.5, 3 and 4) and shaking the suspensions for varying contact times (5-120 min), table 4. For S4, irrespective of the
studied contact times, the percent of the adsorption of the studied heavy metals ions significantly increased at pH 3 then
was kept constant at pH 4 for Pb (II), Ni (Il), increased for Li (I) and decreased for Mn (II). In general, it was known that at
low pH (< 3), there was excessive protonation of the active sites at the adsorbent surface squeezing out the already
adsorbed metal ions [4, 43]. At moderate pH values (3-6), linked H* was released from the active sites and the adsorbed
amount of metal ions was found to increase [4, 43]. It could be observed that the uptake was highly dependent on the
solution pH, where a marked increase in the adsorption capacity of Pb*? and Ni*? ions from pH 0.5 to 3 was observed, as
shown in table (3). This observation may be due to the differences in the degree of surface protonation of the prepared
zinc silicate’s and activated carbon surface with varying the pH [44]. With respect to S4;, based on the assumed
incongruent dissolution of zinc silicate, the dominant equilibrium for the zinc silicate over a wide range of pH is:

Zn,Si0s + 2H,0 ﬁZZnO + Si (OH)4 (4)

Accordingly, the surface activity could be translated to a reactive silanol group (-Si-OH) [45]. The major mechanism of
adsorption of cations was ion-exchange with the replacement of hydrogen ions of the surface of silanol groups with the
present metal ions, especially at low pH [46, 47]. The sorption of metal ions on S4; was mainly a two-step processs: fast
adsorption of metal ions on the external surface by ion-exchange between the hydrogen ion of silanol group with the
present metal ions followed by the intra-particle diffusion along the pore walls [32]. Their nanoscale counterpart had high
adsorption capacity and faster kinetics because of the higher specific surface area, shorter intra-particle diffusion distance
as outlined before and larger number of surface sites (i.e. corners, edges, vacancies) [5, 26].

For AC, the effect of pH may be explained in the terms of pHpc (zero point of charge) of the adsorbent, at which
the adsorbent was neutral. The surface charge of the adsorbent is positive when the suspension pH was below pHgpc.
Moreover, at pH lower than pH_pc, the predominant metal species will be positively charged [M™ or M(OH) *]. Thus, the
uptake of metals in the pH range below the pHzc is a H* M™ or (M(OH) V") exchange process [15]. An increase in the
adsorption as long as the metal species were still positively charged or neutral event though the surface of the adsorbent
was negatively charged [14, 15]. When both the surface charge of the adsorbent and the metal species charge become
negative, the adsorption will decrease significantly. Oxygen was an important heteroatom that commonly occured in ACs
in the form of carboxylic groups which enhanced the acidity of the ACs surface [18] and increased the adsorption of metal
ions at the external surface through ion exchange process.

Table 4: Effect of pH on the % removal of studied heavy metals using S47 and ACo.

pH Time % Removal
) Pb(Il) Ni(ll) Mn(ll) Li(1)
S4; AC; s4; | AC: | s4; | AC, | S4; | AC;
pH=0.5 5 60 50 2 0 15 0 0 21
15 65 66 3 5 20 0 0 2.2
30 68 63 5 5.5 25 0 0 2.3
60 70 66 7 7 27 0 0 3.0
20 72 70 9 11 30 0 0 5.0
120 72 70 9 11 30 0 0 5.0
pH=3 5 98 96 7 5 15 0 0 6.0
15 98 9 15 9 20 0 0 6.5
30 99 98 15 12 25 0 0 7.0
60 99 97 20 15 28 0 0 7.0
90 100 97 25 15 27 0 3 7.1
120 100 97 25 15 28 0 3 7.0
pH=4 5 98 90 7 5 14 0 0 7
15 99 94 15 11 18 0 0 7
30 99 95 17 15 22 0 0 7
60 98 95 24 17 26 0 0 10
90 99 9 25 17 27 0 0 10
120 99 96 25 18 26 0 0 10
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As shown in the results, the increase in pH from 0.5 to 3 showed an increase in the amount of the adsorption of
Pb (1), Ni (1) and Li (I) and a marked decrease in the amount of the adsorption of Mn (Il). Further increase in the pH to 4
showed a decrease in the amount of the adsorbed Pb (Il) and Mn (II). The increase in the amount of the adsorbed metal
ions with increasing the pH from 0.5 to 3 may be explained to the deprotonation of the different active sites present on the
AC,, as explained before, giving the chance of the linking of the selected metal ions on these sites. Otherwise the
decrease of the adsorption of Mn (1) with increasing the pH may be explained to the presence of Mn (Il) in hydrated form.
Consequently, Mn*?ions preferred to be in solution than to be adsorbed [19].

Conclusion
From this study we can concluded that:

- XRD reveals that: a) both of ZnSiOs and Zn,SiO, were synthesized at annealing temperatures of 800 and 900 °C with
onset growth at 700 °C. b) The composition of the Zn,SiO4 powders annealed at 800 and 900°C consisted of higher
concentration of crystalline Zn,SiO4 as the temperature increased.

- Scanning electron microscopy (SEM) of prepared activated carbons showed that the texture and developed porosity
was strongly affected by characteristics of the starting materials. AC that has the highest surface area was obtained
from Saw Dust.

- The BET surface area revealed that: with respect to zinc silicate sample, as the temperature of preparation increased
the surface area, total pore volume and pore diameter decreased. While in case of activated carbon samples, these
parameters seem to be dependant mainly on the type of precursors of the activated carbon.

- In the application of the prepared nano-adsorbent materials in the sorption and separation of studied heavy metals it
was found that: (i) the total capacity of the zinc silicate samples decreased as the temperature of preparation
increased. (ii) The total capacity of the prepared activated carbon did not depend on the surface area but depends on
the type of the precursor and the sample prepared from rice husk only was found to have the highest adsorption
capacity. (iii) The total capacity of prepared ACs is higher than that of ZS samples. (iv) If we had a binary mixture of
metal ion of Li (I) and one of other metals, the prepared zinc silicate (ZS) samples could be used to separate Li (I) from
the second metal ion in the same solution.

- From the factors affecting the removal of studied heavy metal, it was found that: (1) the adsorption order is Pb(ll) >
Co(ll) > Mn (1) > Ni(ll) > Li(l), (2) it was found that 30 min was sufficient for S4; and AC, adsorbents to reach the
equilibrium, (3) the increase in pH from 0.5 to 3 showed an increase in the amount of the adsorption of Pb (I1), Ni (I1)
and Li (I) and a marked decrease in the amount of the adsorption of Mn (I1).

- Therefore, from the characterization and application of the prepared nano-adsorbent materials, it could be used in
sorption and separation of some heavy metals as shown in our study.
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