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Abstract

In this study, activated carbon (AC) and nano-zalewmt copper (nZVCu)
functionalized hydroxyapatite (HA) and alginate deeare synthesized and used for the
removal of AS" from aqueous solution. The characterization bya¥-diffraction,
scanning electron microscopy, X-ray energy dispersispectroscopy, X-ray
photoelectron spectroscopy, transmission electrorcroscopy, high resolution
transmission electron microscopy, BET surface assmlysis, thermogravimetric
analysis, and Fourier transform infrared spectrpgo@vealed successful formation of
the AC/nZVCu/HA-alginate, nZVCu/HA-alginate, AC/H&lginate, and HA-alginate
beads. The scanning electron microscopy and sudaedysis revealed the prepared
beads to be highly mesoporous which led to the mami adsorption of A%, i.e., 13.97,
29.33, 30.96, and 39.06 mg/g by HA-alginate, AC/Blginate, nZVCu/HA-alginate, and
AC/nzVCu/HA-alginate beads, respectively. The thegnavimteric analysis showed the
nZVCu/HA-alginate beads to be highly stable while AC composite beads as the least
stable to heat treatment. The HA-alginate beadieaett 39% removal of RS, however,
removal efficiency was promoted to 95% by couplk@ and nZVCu with HA-alginate
beads at a reaction time of 120 min. The removas3f by the prepared AC & nZVCu
coupled HA-alginate beads was promoted with ininggpAs®]o and [AC/nZVCu/HA-
alginate}. The pH of aqueous solution significantly influedcthe removal of A4 by
AC/nZVCu/HA-alginate beads and maximum removal wachieved at pH 5.8.
Freundlich adsorption isotherm apeeudo-second-order kinetic models were found to

best fit the removal of A% by the synthesized beads. The high performance of



AC/nZVCu/HA-alginate beads in the removal of*Agven after seven cyclic treatment
as well as least leaching of Cu ions into aquealistisn suggest enhanced reusability
and stability of HA-alginate beads by coupling wiklE and nZVCu. The results suggest
that the synthesized beads have good potentighforemoval of A% and other toxic

heavy metals from aqueous solutions.

Key Words: As®*; Hydroxyapatite-alginate beads; Activated Carbiano-zerovalent
copper; Water treatment.



1. Introduction

Water is an essential entity of universe; howegeality of water is continually being
declined by contaminations with foreign substanbesfy from natural and anthropogenic
activities (Sayed et al.,, 2019; Shah et al., 202®ong the various water pollutants,
heavy metals are considered as the major contrbyidurtaza et al., 2019). Arsenic
(As), a globally considered significant cause ofiesnmental cancer mortality, is one of
the most prominent heavy metal water contaminahartinez et al., 2011; WHO,
2011a). The concentration of As exceeding the mawinacceptable concentration
recommended by the World Health Organization (WH@¥) been reported in water
resources throughout the world (Amini et al., 200840, 2011b). Arsenic is reported in
water resources in both inorganic (i.e., arseri® Tand arsenatd and organic forms
(e.g., monomethylarsonic acid (MMA) and dimethyilaics acid (DMA)), however, the
inorganic form (A" is highly toxic and of great environmental comcévohan et al.,
2007). As" is reported to cause several short and long téf@ste on human health and
the environment as a whole (Mohan et al., 2007)inQwo serious environmental and
health issues, highly vital is to remove®A$rom water resources. Various techniques,
such as adsorption, coagulation, ion exchange rewvetse osmosis have been used for
effective AS* removal from water (Hamayun et al., 2014). Amonghs techniques,
adsorption has been more effective and efficierftdti removal (Hamayun et al., 2014).
Recently, biomaterials are used as an adsorbenatbgreferred due to their low cost,
easier availability in large quantities, and lowaste management rudiments after use
(Lesmana et al., 2009; Nguyen et al., 2013; Lilet2018). Among the biomaterials,

biopolymers are widely used in water treatmenttdu®eir wide range applications, such



as biodegradability and eco-friendly nature (Ahnetdal., 2014). Sodium alginate, a
biopolymer with unique properties, such as hydrhgty, biocompatibility, and non-
toxic nature, is selected as source of biomatdaialthe removal of A¥. In order to
improve its performance, sodium alginate is comiinegith hydroxyapatite (HA,
Cao(POy)s(OH)2), an inorganic material with high biocompatibilignd adsorption
capacity. The composite beads of HA and sodiummatgihave been effectively used for
the removal of heavy metals (Jamshaid et al., 2080)he same time, there are many
reports in the literature regarding activated carlfonctionalized beads for uses in
environmental remediation due to their high surfemea and functional groups
(Nasrullah et al., 2018). Owing to these reasoms, activated carbon is coupled with
composite beads. One of the basic issue with adabrbaterials include their separation
from treated solution. Thus the solid activatedboarfunctionalized materials are doped
with magnetic nanoparticles, such as nano-zerovatepper (nZVCu) (Pandi and
Viswanathan, 2015). The nano-composite adsorbenbeaasily separated from solution
by simply applying magnetic field and consequengighances the reusability of
adsorbent material. Additionally, nZVCu was dopedimprove stability and loading
efficiency of the synthesized activated carbon (AM)ctionalized HA and alginate
beads. Among the nanomaterials, nZVCu is seleabedtal its enhance catalytic activity
and non-toxic nature (Huang et al., 2012). The @g&vand nZVCu coupled HA and
alginate beads were investigated for the removatsgnic A" from aqueous solutions.
The objectives of this study were to: introduceeavAC coupled nanocomposite
beads (i.e., AC/nZVCu/HA-alginate), characterizee teynthesized AC and nano-

composite beads for morphological characteristissngs X-ray diffraction (XRD),



scanning electron microscope (SEM), energy dispersipectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), transmission trelec microscope (TEM), high
resolution transmission electron microscope (HR-JEMourier transform infrared
(FTIR) spectroscopy, BET surface area analysis,thaednogravimetric analysis (TGA),
investigate the A¥ adsorption capacity of the newly synthesized ACQupted
nanocomposite beads, investigate the reusabililyssability of the synthesized AC and
nanocomposite beads as well leaching of Cu ion, evaluate the effects of the
concentrations of A3, adsorbent dose, and pH on the adsorption beha#i&C and
nZVCu composite beads. Different adsorption aneétikinmodels have been investigated
to study the details of adsorption process of*Asn the synthesized AC and
nanocomposite beads.

2. Materialsand Methods

2.1. Materials

All the chemicals used in this study were of highity and used as received. Sodium
arsenite (i.e., NaAsf)sodium salt of arsenous acid) at a purity of 39% obtained from
Sigma-Aldrich was used as a source of ‘A®ther chemicals, i.e., CWCNaBH,, CaC},
activated carbon, HA, NaOH, and,$0D, were also of high purity and obtained from
BDH, Riedel-DeHaen, and Fisher Scientific. The sodialginate was purchased from a
local supplier. All the solutions were preparedifina-pure water (Sartorius arium 611DI,
Germany, 18.2 I®.cm).

2.2. Synthesis of zerovalent copper nanoparticles (nZVCu)

The nzZVCu was synthesized using borohydride basennical reduction method

(Huang et al., 2012). The synthesis procedure dechlissolving 1.5 g of Cugih 25 mL



mixture of ethanol and water (3 mL ethanol and 22 water) and 1.5 g of sodium
borohydride (NaBhk) in 40 mL water. Ethanol was added in Cug&ilution to prevent
oxidation of the synthesized nZVCu and to increstability of nanoparticles (NPs). The
NaBH, solution was added dropwise (1 drop per 2 secantisthe CuCJ solution under
vigorous stirring. The vacuum filtration techniqwas used to separate the nanoparticles
(NPs) of Cu from the liquid phase. The synthesik&s$ were finally dried in an oven at
40 °C for five hours. The synthesized nZVCu was finatgred in air tight N sparged
glass vials.

2.3. Preparation of AC-nZVCu/HA-alginate composite beads

The nanocomposite beads were synthesized by miaatiyated carbon (1.0 g),
nZVCu (1.0 g), HA (2.5 g), and sodium alginate (@)5n the order of HA followed by
sodium alginate then activated carbon and finaly/@u in a beaker and stirred for 2
hours at room temperature. Afterwards, the slurag wwdded dropwise into 300 mL of
3.0 M CaC} with a disposable syringe with continuous stirrifigpe distance between
syringe nozzle and surface of CaCdolution was about 3.0 cm. The obtained
AC/nzVCu/HA-alginate nanocomposite beads were teé&rovernight in CaCGl solution
with slow stirring followed by washing with dis#itl water several times and were dried
then in an oven at 48C for 24 h. The prepared beads were spherical apestwith
average diameter of 1.8 mm (range 1.62-1.88 mm¢. dther three types of beads;
nZVCu/HA-alginate, AC/HA-alginate, and HA-alginateere prepared using the same
above protocol. All the prepared beads were storadt tight glass vials.

2.4, Batch scale adsor ption of As**



The synthesized AC/nZVCu/HA-alginate, nZVCu/HA-algie, AC/HA-alginate, and
HA-alginate beads (0.5 g/L) were used for the remhof As™ (i.e., 10 mg/L) in aqueous
solution at different times from 0 to 120 minutdhe AS* concentration in aqueous
solution and that of Cu ions (leached from nZVCupled beads) were measured using

Atomic Absorption Spectrophotometer (Hitachi Pdad Zeeman AAS, Z-8200, Japan)
following the method described by AOAC (1990). Timtial (C,) and final C,)
concentration of A¥ in mg/L, mass of the adsorberi1() in (g), and volumeY(,) of

solution in () containing A&" were used to calculate the experimental adsorption
capacity at equilibriumg,(mg/ g) using Equation 1a while adsorptignat time t was

calculated using Equation 1b (Imran et al., 2018).

M w

a

C -C,
Q. = x\V (18.)

C -C,
== V, 1
q= j # (1b)

Where C; is the residual concentration of Asn water sample collected at time
Moreover, to evaluate the effects of pH orf A®moval, point of zero charge was also
measured using electrolyte solution (Aliabadi eRall8).
2.5. Reusability assessment of the synthesized solid adsor bent

For reusability assessment, the synthesized AOMZHA-alginate, nZVCu/HA-
alginate, AC/HA-alginate, and HA-alginate beadsem&generated by washing in 0.5 M
NaOH solution after each cycle and used for theorehof AS™ for seven consecutive
cycles. Since alkali are efficient desorbing agdotsdesorption of As species, thus

NaOH was used in the present study (Zhu et al9R00



2.6. Equilibrium and kinetic modeling study of As®* adsor ption
The experimental adsorption data with AC/nZVCu/Hguaate, nZVCu/HA-

alginate, AC/HA-alginate, and HA-alginate solid adisent materials were validated with
equilibrium and kinetic adsorption isotherm modelsangmuir (Equation 23),
Freundlich (Equations 4-5), Temkin (Equation 6)J &ubinin-Radushkevich (Equation
7) models were employed to study equilibrium adsonpdata while adsorption kinetics
was studied withpseudo-first-order (PFO) andpseudo-second-order (PSO) kinetic
models.

The values of Langmuir model parametegrg and g, were calculated from the slope

and intercept of linearized form of Equation 3 (Bubani and Thinakaran, 2017).

0. = K Celnax (Non-linear form @
1 + KL Ce
C 1 C

+—= (Linearized formr 3)
qe K Lqmax q max

where gis adsorption capacity at equilibriurk, is Langmuir adsorption constant, S

equilibrium concentration, andmwx refer to the maximum adsorption at equilibrium.

Freundlich model is expressed in Equation (4) agaaEon (5) (Saravanan et al. 2018).

q = K.C" (Non-linear forn (4)
In(q,) = {In(KF) +(%)In(Ce)} (Linearized form (5)

Where @ is the equilibrium sorptionK.. is Freundlich adsorption constant, &Rdls

adsorption intensity showing adsorbent heteroggnelthe values of Freundlich model



parameters were calculated from the slope andceperof the curve between InjC
versus In(g).
In Temkin model (Equation 6), adsorption energyeiduced linearly with coverage

of the adsorbent surface.

0. =BK; +BIn(C,) (Linearized form (6)
RT I . .
Where B = Tand Kr are equilibrium adsorption constant and Temkin rhode

constant, respectively. A plot betweenamnd In(C,) was used to calculate the values of

Temkin model parameterd @ndK; ) from the slope and intercept of the curve.

Dubinin-Radushkevich (DR) equilibrium isotherm mbd&quation 7) is more
general than Langmuir isotherm model as adsorgatantial of all the active sites is not

uniform (Saravanan et al., 2018).

In(q,) =In(q,,) —kor { RT xIn (1+ Cij J (Linearized form (7)

e

The values of DR model parameterg, (k,;) were found from the graph of

2
In(q,) versuse® = RT xIn (1+ Cij .

The mean free energy of sorptioB) (using Dubinin-Radushkevich was computed
using Equation (8) (Saravanan et al., 2018; Submaarad Thinakaran, 2017)

E=_1 ®)
2kDR

The kinetic experimental data were analyzed whth linearized form of kinetic

10



models,pseudo-first-order (Equation 9) angbseudo-second-order (Equation 10) kinetic

models (Imran et al., 2018).

log(g, — ) = {Iog(qe)-(%ogxt} (9)

t 1 t
qt k2 (qe)2 ’ qe ( )

Where @ represents simulated adsorption of Aat equilibrium; gis adsorption of

As** at time (t), k, is pseudo-first-order rate constant anll, is pseudo-second-order rate

constant. In the case p$eudo-first-order kinetic model, the values of model parameters

were calculated from the slope and intercept ofaply betweenog(g, —q,) versus t.

While the values opseudo-second-order kinetic model parameters were calculated from

the curve drawn between t versés.
O

2.7. Characterization of solid adsorbent materials

The crystalline size of the AC/nZVCu/HA-alginateZ\fCu/HA-alginate, AC/HA-
alginate, and HA-alginate solid adsorbents wereutated with XRD (Rigaku Ultima IlI
diffractometer). The XRD data were recorded usirgdiation source of Cuik(40 kV,

30 mA) and Nal as a detector.
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The surface morphology and elemental compositionth& synthesized beads
(AC/nZVCu/HA-alginate, nZVCu/HA-alginate, AC/HA-altate, and HA-alginate) was
studied by scanning electron microscopy (SEM) (TENG/EGA, LMU) coupled with
energy-dispersive X-Ray spectroscopy (EDS) (INCAk-aOxford Instruments)
operating at 20 kV. Prior to SEM studies, the samplere gold coated with a Balzers’
spluttering device.

The X-ray photoelectron spectroscopy (XPS, PHI-538BCA) using Al K as an
exciting X-ray source and operated at a 50 eV pagsgy was used to investigate the
surface chemical composition and electronic stmectd the synthesized nZVCu.

The analysis of transmission electron microscop&MY and high resolution
transmission electron microscope (HR-TEM) (FEI-TacimF-20) with field emission
gun of 200 kV was done to investigate crystal $tmec of the nZVCu used in the

synthesis of the solid adsorbent materials.

The IR spectra were recorded using Thermo Scientificolet-6700TM FTIR
spectrometer in the range from 400 to 4000 'cto identify functional groups and
bonding environment in the synthesized AC/nZVCu/Blginate, nZVCu/HA-alginate,

AC/HA-alginate, and HA-alginate beads.

12



Micromeritics 3Flex (Micromeritics Instrument Corplorcross, GA, USA) was used
to determine the Brunauer-Emmett-Teller (BET) stefarea, Barrett—Joyner—Halenda
(BJH) pore size distribution, and pore volume oé thynthesized AC/nZVCu/HA-
alginate, nZVCu/HA-alginate, AC/HA-alginate, and Hdginate beads. Nadsorption
was performed at 77 K. Prior to the measuremeéssamples were degassed overnight
at 120°C.

Thermal analyses of the prepared beads (AC/nZVCidlfnate, nZVCu/HA-
alginate, AC/HA-alginate and HA-alginate) were coc@d on a Perkin-
Elmer thermogravimetric analyzer (STA 6000) witheating rate of 10 °C-mihin the
temperature range from 30 to 800 °C under nitragerosphere.

3. Resultsand Discussion

3.1 Char acterization of the solid adsor bent materials

The XRD analysis of the synthesized solid adsorbmeaterials (AC/nZVCu/HA-
alginate, nZVCu/HA-alginate, AC/HA-alginate, and H¥ginate beads) was performed,
however, only AC/nZVCu/HA-alginate and nZVCu-HA-algte showed peaks (Figure
la). The results show both the nanocomposite biabe highly polycrystalline which
could be due to nZVCu. The XRD spectra showed nZ\p€aks at @ position of 44
and 52 (JCPDS 89-2838) and small peaks of cuprous oxatiéB position of 35 and
65° (JCPDS 05-0667). These finding were consistert thié XRD findings of nZVCu in
previous study (Huang et al. 2012). Furthermore diffraction peaks of the synthesized
AC/nzZVCu/HA-alginate beads and nZVCu-HA-alginateale shows sharp and intense

nature which can be attributed to the crystallinture of the synthesized material due to

13



nZVCu coupling. The crystallite size (D) of the Hymsized materials along the (hkl)
profile were calculated from the full width at haffaxima of the sharp intense peak

applying Scherrer Equation (11a) as given belowefKat al., 2014).

_ KA
[cosd

(11a)

whereK is the shape factor equal to 0.89is the wavelength of X-ray of CucK
radiation (0.154 nm)j is the full width at half maximum (FWHM) of the @le andd is
the diffraction angle. The revised Scherrer Equefiblb) was obtained after putting the
values ofK andi.

D= 0.1370¢€
[ cosf

(11b)

Putting the values of and#, the crystallite size of AC/nZVCu/HA-alginate bead
and nZVCu/HA-alginate beads were calculated to bead 59 nm, respectively. This
reduction in the crystallite size may be contrildutiie to the segregation of AC at the
solid adsorbent material boundary which inhibits gimowth of solid adsorbent materials
by restricting direct contact of grains

Figure 1b shows the SEM-EDS analysis of the symtbddHA-alginate, nZVCu/HA-
alginate, AC/HA-alginate, and AC/nZVCu/HA-alginatbeads. Scanning electron
microscopy was performed at 5k magnification. Tindages of all the synthesized beads
were found to be rough and porous. The surfaceshlswed large number of wide voids
having different sizes. The rough, porous and veigaces on the surfaces are attributed
to the molecular diffusions (Nasrullah et al., 20I8hus, the prepared porous beads will
facilitate maximum removal of A§from aqueous solution. The surface propertiesief t

prepared beads are similar as reported by Hassaln €2014) for alginate-based beads.
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The surface morphologies of the beads containitigaded carbon (AC/HA-Alginate and
AC/nZVCu/HA-Alginate) were similar as shown in Frgulb (C-D) while in HA-
Alginate beads there are round structures along avibugh surface (Figure 1b (A)). The
Cu containing beads (nZVCu/HA-Alginate) shows mistauctures of Cu on its surface
(Figure 1b (B and D)). The energy dispersive X-spgctroscopy (EDS) analysis shows
carbon, oxygen, chloride, calcium and phosphordesients in the prepared beads
(Figure 1b (E-H)). The EDS analysis also confirhms presence of copper element in the
Cu containing beads (i.e., nZVCu/HA-Alginate and /AZVCu/HA-Alginate beads)
(Figure 1b (G and H)).

The XPS measurements were made to analyze thesuti@mical composition. The
narrow Cu 2p is shown in Figure 1c (A). It can bersthat the main characteristic peaks
for Cl’ (nZVCu) at binding energies of gpand 2p,, were at 932.8 eV and 952.8 eV,
respectively (Dong et al., 2014). Thus, it confirthe successful synthesis of nZVCu.
Furthermore, a shake-up satellite peaks at 945d5962.27 eV could be attributed to
the open 3Ushell of CG" ions (Anandan et al., 2012).

In addition, Figure 1c (B) depicts the high resiontspectra of Ols. The peaks
located at 532.8 eV, 531.4 eV, and 529.9 eV, rdsmdg, are assigned to oxygen in the
outermost layer of adsorbed® oxygen atoms in the surface hydroxyl groups (D—H
and oxygen in the lattice (M-O) (Peng et al., 20F8yure 1d (A) display the low
magnification transmission electron microscopy (T)EMage of nZVCu. It can be seen
that the nZVCu particles are smaller in size raggirom 50 to1l00 nm and are
homogenously distributed with less aggregation. éduer, Figure 1d (B) indicates that

the synthesized nZVCu particles have good crystatland are formed at nano-scale.
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Figure 1le illustrates the FTIR spectra of the pregpaAC/nZvCu/HA-alginate,
nZvCu/HA-alginate, AC/HA-alginate, and HA-alginateeads. The vibrational bands
between 3200 and 3500 ¢rrassigned to O—H groups and N—H stretching wesemid
for hydroxyapatite, alginates, and activated carimothe composite beads (Muhammad
et al., 2016; Shu et al., 2017). The peak aroufi®I610 crit was due to C-O and C—C
vibrations in alginate and activated carbon, respely (Yakout et al., 2016). The
symmetric stretching vibrations were observed betw®426-1440 cnit, corresponding
to carboxylate salt (Igbal et al., 2018). Albelte tpeak was shifted from 1440 to 1420
cm™ with the addition of activated carbon. This midie a result of pi-pi interaction
between aromaticity of activated carbon and unagedrcarbonyl group of carboxylate
salt. The peak observed at 1010-1040"evas attributed to the asymmetric stretching of
phosphate group (R®) of hydroxyapatite, and carboxylate and ethercstme of
activated carbon in the composite beads (Muhamrab, 2016).

The N-adsorption-desorption isotherms were used to o@terthe BET surface area
of the synthesized AC/nZVCu/HA-alginate, nZVCu/HHkgiaate, AC/HA-alginate, and
HA-alginate beads (Figure 1f). The surface analysiscated BET surface area to be
45.1, 29.3, 25.7, and 11.4%m for AC/nZVCu/HA-alginate, nZVCu/HA-alginate,
AC/HA-alginate, and HA-alginate beads, respectivelyne N-adsorption-desorption
isotherms gave average pore size of 4.5, 3.6,aBd 2.4nm and pore volume of 0.0443,
0.0305, 0.0278, and 0.016 Ymfor the prepared AC/nZVCu/HA-alginate, nZVCu/HA-
alginate, AC/HA-alginate, and HA-alginate beadspestively. The high surface area of
suggest the mesoporous nature of the synthesizedastsorbent materials. Further, it

was found that coupling AC and nZVCu increasedsiingace area, pore size, and pore

16



volume of the prepared HA-alginate beads. The hgsige loop observed in /N
adsorption-desorption are due to capillary condesioa on the mesoporous surface.

Thermogravimetric analysis (TGA) was performed und&ogen atmosphere for the
prepared AC/nZVCu/HA-alginate, nZVCu/HA-alginate, CAlA-alginate, and HA-
alginate beads in the temperature range froniG@® 800°C with heating rate of 10
°C/min (Figure 1g). The weight loss below 1%ZD was assigned to moisture attached to
the surface of beads. The results demonstrated nAVA&Galginate beads to be more
stable with no significant decomposition until 380. However, the AC/nZVCu/HA-
alginate beads were slightly less stable and 17 wi% lost at around 30. This
means that mixing of AC caused a slight decreasthénmal stability of the beads.
Nasrullah et al., (2018) observed that mixing of With alginate resulted in decreasing
the thermal stability of the beads. AC contain clvahgroups, such as COOH that act as
a bronsted acid and contributes in the decompasdfahe polymeric matrix (Nasrullah
et al., 2018). The AC/HA-alginate beads exhibiteel highest weight loss (27%) at 300
°C. The weight loss in the region 200-48D was due to the conversion of HBTo
pyrophosphate @®;*) in HA (Manatunga et al., 2018). The weight lofterad00°C was
due to the decomposition of the alginate polymer.

3.2 Performance of the beadsin the removal of As**

The performance of prepared four types of nanocaitgbeads was investigated for
the removal of A¥ (i.e., 10 mg/L) from aqueous solutions with diéfiet treatment times
i.e., 0 to 120 min. The results are shown in Figumehich depicts that removal of &s
was 95, 56, 52, and 39% by AC/nzZVCu/HA-alginate V&Zi/HA-alginate, Ac/HA-

alginate, and HA-alginate solid adsorbent materiaspectively, after 120 min. These

17



results can be explained on the basis of BET sairdaea results which indicated that the
highest surface area was observed for AC/nZVCu/Hfrate and least one was for HA-
alginate and consequently achieved maximum renwfvas®* in the former in our study.
These results further suggest that modifying HArelte beads with AC and zerovalent
copper led to the enhanced performance of the baadswas in agreement with the
previous study (Benhouria et al., 2015). The rerhosfficiency of AS® by the
synthesized beads was fast in the start of tredtmed slower at later stages. The
possible reason for this trend could be the saturaif active sites and lowering in initial
concentration of A¥ at the later treatment stages and vice versa asdcansistent to
the trend observed in a previous study (Nasrultail.£2018).

The adsorption of metal ions on the surface ofdsatisorbent materials is governed
by the number of active sites as well as the foneti groups for complexation reaction.
The synthesized HA-alginate beads several fundtigrmups, such as COOH that might
play role in the adsorption of As The coupling of nZVCu and AC provide the sourte o
more functional groups and metal ions for compliexeand exchange reactions of*As

3.3. Reusability assessment of the solid adsor bent materials

The reusability assessment of the prepared solgbrbdnt materials is highly
essential for potential practical applications. the present study, reusability of the
prepared AC/nZVCu/HA-alginate, nZVCu/HA-alginate, CAlA-alginate, and HA-
alginate beads was investigated for seven consecaticles. The results as shown in
Figure 3 revealed that the removal of Aby the AC/nZVCu/HA-alginate, nZVCu/HA-
alginate, AC/HA-alginate, and HA-alginate beads v@®6, 71%, 65%, and 53%,

respectively in the first run. At fourth run of adption, the removal of A was found to
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be 95%, 64%, 53%, and 25% by AC/nZVCu/HA-alginady Cu/HA-alginate, AC/HA-
alginate, and HA-alginate beads, respectively (f@@). The removal of &S was finally
investigated at seventh run of treatment and faionde 88%, 50%, 40%, and 8% by
AC/nzZVCu/HA-alginate, nZVCu/HA-alginate, AC/HA-algate, and HA-alginate beads,
respectively (Figure 3). The results indicate tinadifying HA-alginate beads with both
AC and nzZVCu showed greater reusability and canubed repeatedly without
considerable loss in adsorption efficiency.

3.4. Cuion leaching from nZVCu loaded solid adsorbent materials

The Cu ion leached from nZVCu coupled nanocompdsé#ads was investigated
using atomic absorption spectroscopy method asridedcabove and found to be 0.03
mg/L. The analyzed concentration of Cu ion was mbelow than the United State
Environmental Protection Agency (USEPA) maximunowthble concentration of Cu ion
(i.e., 1.3 mg/L) in water.

3.5. Effects of initial concentrations of As*

The study of the effects of initial concentratioh acontaminants is beneficial for
potential applications of the adsorbent. The séitraof the adsorbent surface is driven
by the initial concentration of the contaminant. timee present study, the removal
efficiency of AS* was studied under different concentrations froro 20 mg/L at a
constant dose of adsorbent material (i.e., 0.5.dfigure 4 depicts an increase in the
removal efficiency of A¥ by the synthesized composite beads with increaisiitigl
concentrations of A$ and was in agreement with a previous study (Negrudt al.,
2018). At initial stage, there was rapid increasé$>* adsorption with increase in As

concentration because there was higher diffusiche@ftontaminant. The observed result
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could be due to the maximum availability of *Ador adsorption on the surface of
adsorbent at high &S concentrations than at lower Asoncentration (Nasrullah et al.,
2018). Another possible reason could be the masssfer driving force that enables
interactions between adsorbent and adsorbate, aisbeen reported to be high at high
concentration of adsorbate (Nasrullah et al., 2018)

3.6. Effects of pH

The effects of pH on the adsorption process areitapt to be investigated for the
potential practical applications of AC and nZVCuwpted beads since pH of wastewater
can vary between acidic and basic waters. Besgt¢san significantly affect the charge
on the surface of adsorbent, the activity of fummil groups present on the surface of
adsorbent and also the speciation of metal ions{Aau et al., 2010; Wei et al., 2015).
The agueous chemistry and binding sites on theseidf the adsorbent are also affected
by pH. The measurement of point of zero charge {RZ@nportant to know the nature
of the adsorbent under different pH (Sigdel et 2016). The PZC measured for HA-
alginate, AC/HA-alginate, nZVCu/HA-alginate and AZNVCu/HA-alginate adsorbent
materials was 7.61, 8.25, 9.1 and 8.85, respeygtiR#moval of A% by the synthesized
AC/nzZVCu/HA-alginate beads was thus investigatedeurdifferent pH conditions from
3 to 10.5. The results are presented in FigureiBhwdhows a maximum removal of #s
at pH 5.8 and minimum at pH 10.5 and pH 3.0. A fidsseason could be the increased
electrostatic interaction between®*Asnd the adsorbent at pH 5.8. Arsenic is adsorbed a
arsenite or arsenate and in our scenarid’ Aws adsorbed as arsenite {Asand its
maximum removal was favored at pH < PZC. At pH <CPZolution is rich in Hions

and favors the adsorption of #sThe PZC of the adsorbents used in the preseny stud
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was more than 7.6. Similar trend has been observautevious study (Sigdel et al.,
2016). It has been reported that zerovalent metkatstes electron to aqueous solution
that reduces proton to hydrogen gas in the soluéiod, consequently, led to great
electrostatic interaction between the adsorbentaaistrbate (Badruddoza et al., 2011).
The lower removal efficiency of A§by AC/nZVCu/HA-alginate beads under pH < 5.0
and pH > 7.0 could be due to greater mobility aDHin the aqueous solution that
consequently compete with Esfor active sites as well as precipitation of metal
(Badruddoza et al., 2011).

3.7. Effects of adsorbent dosage

Surface area and number of active sites availail¢he adsorption are governed by
the dose of the adsorbent material (Kumar and Kama005). The effects of adsorbent
doses ranging from 0.5 to 2.0 g/L were evaluatedhenremoval of A¥ at an initial
concentration of 10 mg/L. The results are showrFigure 6 which depicts that the
increase in adsorbent material dosage correspdydimgreased the removal efficiency
of As*". It has been reported that increasing dosage sérhdnt consequently led to
availability of more active sites for adsorption tife contaminants and provided
sufficient support to our findings (Kumar and Kuiaar2005).

3.8. Equilibrium and kinetic adsor ption modeling

The experimental results obtained at equilibriundarnisothermal conditions were
tested using Langmuir, Freundlich, Temkin and DRlet® as already explained in the
methodology section. The models’ parameters (Taplere calculated from the slope
and intercept of the curves and are given in Figufa—d) for each model. The values of

models’ parameters varied depending on the chaistate of the adsorbent materials.
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The suitability of the model was assessed withviilee of regression coefficient {R
Our experimental results were best fitted with Rddich model (R=0.97-0.998) with

all types of beads followed by Temkin%R 0.95-0.998), Langmuir model {R 0.94-
0.99) and DR model = 0.83-0.958). In case of Freundlich model, itéparted that if
the value oh > 1, the adsorbent material gives non-linear gaysadsorption (Saravanan
et al., 2018). Our results showed 1 with all the adsorbents and the involved agolsam

is physical. The maximum value ofcalculated was 2.59. The value of E (Table 1) also
suggests that the adsorption involved with the Hf\ate beads and their composites
with nZVCu and AC is physical. The adsorption issth using €vs g was also plotted
for all the solid adsorbent materials as shownigufe 7e.

The kinetics of experimental data were fitted wideudo-first-order and pseudo-
second-order kinetic models. The experiments for kinetics eatibn with all the four
adsorbents (AC/nzZVCu/HA-alginate, nZVCu/HA-alginateC/HA-alginate, and HA-
alginate beads) were carried out at’Asoncentration (10 mg/L) and samples were
collected after 5, 10, 20, 40, 80 and 120 min &t @L dosage of each adsorbent
separately. The values of the kinetic model pararmetre also given in Table 1 and were
calculated from the slope and intercept of the esirgiven in Figure 8 (a and b) for each
adsorbent. Our experiments were well explained pstudo-second-order kinetic model
as compared witlpseudo-first-order model based on the value of Rhich was > 0.99
for AC/nZVCu/HA-alginate, nZVCu/HA-alginate, AC/HAlginate, and HA-alginate
beads. In Figure 8 (c and d), experimentahap been plotted vs calculatedoftained
from pseudo-first-order andpseudo-second-order which also shows thaiseudo-second-

order best described our experimental results.
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Based on comparison of adsorption and kinetic perars of this solid adsorbent
material with other adsorbent in the same fielghievious studies (Sigdel et al., 2016)
suggested our material to be of greater interest.

4. Conclusion

In this study, AC and nZVCu coupled beads were esgfally prepared and
effectively used for the removal of &sfrom aqueous solutions. The AC and nZVCu
composites with HA-alginate beads showed high perdmce in the removal of As
(i.e., 39.06 mg/g) compared to 13.96 mg/g by HArate beads only. The nZVCu
composite beads were found to be very stable &t teigperature. The coupling of AC
and nZVCu was found to increase the surface ae, 9ize, and pore volume as well as
reusability of the prepared HA-alginate beads dns ted to the maximum removal of
As®* as compared to HA-alginate beads even after sey@it runs. An increase in the
concentration of A¥ and dosage of adsorbent promoted the adsorptiohstf The
removal of A§" by the prepared beads was studied by differemarptien and kinetic
models where Freundlich adsorption gusdudo-second-order kinetic models were found
to be well-fitted. On the whole, the developed cosite beads showed the potential to be
applied as adsorbent in different water treatmpptieations for the removal of A5
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Figure Captions

Figure 1a. XRD Spectra of the synthesized AC/nZ\HAuAlginate and nZVCu/HA-
alginate beads.

Figure 1b. SEM images of the synthesized HA-algiaads (A), nZVCu/HA-alginate
beads (B), AC/HA-alginate beads (C), and AC/nZVCAHélginate beads (D).

Figure 1b. EDS spectra of the synthesized HA-atgib&ads (E), AC/HA-alginate beads
(F), nZVCu/HA-alginate beads (G), and AC/nZVCu/HWgiaate beads (H).

Figure 1c. XPS spectra of Cu 2p (A) and O 1s (B).

Figure 1d. TEM image (A) and HR-TEM image (B) of\fZu.

Figure 1le. FTIR spectra of the synthesized HA-agirbeads (A), nZVCu/HA-alginate
beads (B), AC/HA-alginate beads (C), and AC/nZVCAyéiginate beads (D).Figure 1f
N, adsorption-desorption isotherms of the synthedimsais. Figure 1g. TGA graph of the

synthesized beads.

Figure 2. Removal of AS by HA-alginate, AC/HA-alginate, nZVCu/HA-alginatand
AC/nzVCu/HA-alginate beads. Experimental conditiofislA-alginateh, = [AC/HA-
alginate} = [nZVCu/HA-alginate] = [AC/nZVCu/HA-alginate] = 0.5 g/L, [AS*]o = 10

mg/L, pH = 5.8.

Figure 3. Reusability assessment of the syntheslki@ealginate, AC/HA-alginate,
nZVCu/HA-alginate, and AC/nZVCu/HA-alginate bead®r f removal of A"
Experimental conditions: [HA-alginate} [AC/HA-alginate} = [nZVCu/HA-alginate]

= [AC/nZVCu/HA-alginate} = 1.0 g/L, [AS*]o = 10 mg/L, pH = 5.8.
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Figure 4. Removal of A% by AC/nZVCu/HA-alginate beads using different
concentrations of AS. Experimental conditions: [AC/nZVCu/HA-alginaget 0.5 g/L,

[As®*]o = 5-20 mg/L, pH = 5.8.

Figure 5. Removal of A8 by AC/nZVCu/HA-alginate beads under different pH.
Experimental conditions: [AC/nZVCu/HA-alginage} 0.5 g/L, [AS"]o = 10 mg/L, pH =

3-10.5.

Figure 6. Removal of AS by AC/nZVCu/HA-alginate beads under different dosé
solid adsorbent materials. Experimental conditipA€/nZVCu/HA-alginate} = 0.5-2.0

g/L, [As*]o = 10 mg/L, pH = 5.8.

Figure 7. Validation of the removal of &s by HA-alginate, AC/HA-alginate,
nZVCu/HA-alginate, and AC/nZVCu/HA-alginate beadsdar different equilibrium
models: Langmuir model (a), Freundlich model (bgnikin model (c), and Dubinin
Radushkevich (d), and plot of experimental @& q (e). Experimental conditions: [HA-
alginate} = [AC/HA-alginatep) = [nZVCu/HA-alginate] = [AC/nZVCu/HA-alginate]

= 0.5 g/L, [AS"]o = 10 mg/L, pH = 5.8.

Figure 8. Validation of the removal of &s by HA-alginate, AC/HA-alginate,
nZVCu/HA-alginate, and AC/nZVCu/HA-alginate beadsdar different kinetic models:

Pseudo-first-order kinetic (a), Pseudo-second-order kinetic (b), and comparison of
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experimentalg: and q; calculated fromPseudo-first-order and Pseudo-second-order
kinetic models (c, d). Experimental conditions: [fafginate}) = [AC/HA-alginate) =
[nZVCu/HA-alginate}) = [AC/nZVCu/HA-alginate] = 0.5 g/L, [AS*]o = 10 mg/L, pH =

5.8.

Table Captions

Table 1. Parameters of adsorption isotherm modelisgmuir, Freundlich, Temkin, and
Dubinin-Radushkevich) and kinetic modelpsdudo-first-order and pseudo-second-
order) applied for the adsorption of As(10 mg/L) on 0.5 g/L of HA-alginate, AC/HA-
alginate, nZVCu/HA-alginate, and AC/nZVCu/HA-algiadeads at pH 5.8.

Note: The kinetic models were calculated at a read¢ime of 10 minutes.
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Figure la
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Figure 1b

SEM HV: 10.0 kV WD: 10.48 mm VEGA3I TESCAN| SEM HV: 10.0 kV

SEM MAG: 5.00 kx Det: 38 10 ym SEM MAG: 5.00 kx Det: SE
SEM MAG: 5.00 kx  Date{mdy): 01/31/18 CNHS SEM SEM MAG: 5.00 kx  Date(midly): 01/31/18

SEM HV: 5.0 kV SEM HV: 10.0 kV WOD: 5.97 mm VEGA3 TESCAN|
SEM MAG: 5.00 kx Det: SE SEM MAG: 5.00 kx Det: SE 10 pm
SEM MAG: 5.00 kx  Date{m/dy): 01/31719 SEM MAG: 5.00 kx  Date{m/diy}: 01/31/10 CHHS SEM
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Figure 1c
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ACCEPTED MANUSCRIPT

Figure 1d
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Figure 1le
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Figure 1f
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Figure 1g
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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Table 1

Models Parameters | HA-alginate | AC/HA- nZVCu/HA- | AC/nzZVCu/
beads alginate beads alginate beads HA-alginate
beads
Langmuir K, (L/mg) 0.24 0.13 0.15 2.05
0. (Mg/Q) 13.97 29.33 30.96 39.06
R2(--) 0.99 0.94 0.94 0.99
Freundlich K
"((mgg- |39 4.48 511 22.40
1(L mg-
1)1/n])
N(--) 2.59 1.76 1.78 2.47
R (-) 0.99 0.99 0.99 0.97
Temkin K, (L/g) 1310 1015 3x10 3.1x10°
b (Jg/mol) 823.17 430.03 372.83 319.89
R?(-) 0.99 0.97 0.95 0.99
Dubinin- q,, (mg/g) 9.97 15.33 16.61 31.19
Radushkevich /mory | 0.79 0.75 0.63 0.05
E (kd/mol) 0.80 0.82 0.89 3.27
R (--) 0.87 0.83 0.83 0.95
Pseudo-first- | k, (1/min) 0.074 0.089 0.069 0.057
order q.(mg/g) 8.48 11.47 11.99 18.15
R*(--) 0.98 0.99 0.99 0.99
Pseudo- k, (g/mg/min) | 0.0016 0.0015 0.0016 0.0007
second-order | 4 mg/g) 11.63 14.81 15.19 27.25
R?(--) 0.97 0.98 0.98 0.97
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Highlights

Characterization techniques proved nZV Cu and AC coupled HA-Alginate beads

formation.

Coupling AC and nZV Cu enhanced performance and reusability of HA-Alginate

beads.
Removal of As®* best fitted Freundlich isotherm and pseudo-first-order models.

Removal of As®* was significantly affected by the pH of agueous solution.



