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Abstract

In this work, a novel silvedoped synthetic sodalititcompositewas synthesizednd characterized
using advancedcharacterization methodsiamely TEM-EDS XRD, SEM, XRF, BET, zeta
potential and particle size analysis. THthested nanocompositavas usedfor the removal of
Hg?* from 10 ppm aqueus solutions of initial pH equal ta Zhe resultshowedthat the sodalitic
nana@omposites remowkeup to 98.65% of HE, which is approximately 16% and 70% higher than
the removalachievedby sodalite and parent coal fly ash, respectively. The findings ex/tedlt
theHg?* retention in nanocomposite mistructure is a multifaceted mechanism that predominantly
involves adsorption, precipitatioand Hg-Ag amalgamationThe study of the anions effect (Cl
NOsz, C;H302 and SQ?) indicated thathe Hg?" uptakeis comparatively higher when Chnions
co-exist with Hg" in the solution.

Keywords: Coal fly ash; synthetic sodalite; silvenanoparticles; mercury removal;

nanocomposites; water treatment.
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Introduction

Fly ashderived porous materialsave attracted the interestith recent progress and expanding
range ofapplications particularly as cost effectivand easyto-process adsorbent for wastewater
and gasous emmisiongurification *-°1. Depending on the reaction conditigrise coal fly ash
(CFA) canbe converted into useful and stable porous masesath ageolites™®’ andsodalites
89, Sodalite belongs to the group of aluminosilicates Bndonsidered as thermodynamically
stable amongeveralporousaluminosilicatematerials such azeolites andgeopolymes. Synthetic
sodalitiescan be producedfrom industrialwastefly ash 1% and kaolin*23, There are many
applications, where sodts have beersuccessfully utilizedsuchas catalyst for hydrogenation
reaction™, substrats for a photoluminescence materi&d and hollow mesoporous structure for
drug releasé&®.

More recently sodalities andodaliticcompositeghat contain metal and metal oxide nanoparticles
have attractedonsiderabléenterest inthe field of wastewater treatment fioie removal ofinorganic
and organi@ollutants Although CFA-derived gnthetic and naturaleolites are commonly used for
heavy metals andammoniumremoval 51718 | there are limited studies orodalite group of
materials Despite the fact thahe sodalitehasalow sorption capacity, theize channels and cages
of its porous materialramework allow goreferentialadsorption ofrelatively small caions, suchas
cat¥ Agt9and Cd*, P21,

Amongst several pollutants, mercury, owing to its toxicity, has turned intoprassing
environmental problemSeveral studies havieeen conducted on removal of elemental mercury
(Hg°) from coal combustionflue gasand Hg?* from watey employing various physical and
chemicalmethodssuch as fibebasedand membranbioreactos 223 adsorptioncatalyticl? and

thermal ! mehods wet electrostatic precipitatof8®, vacuum ultraviolet light and heat -co
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activation method?”), and bioremediation?®l, Among thesemethodsthe most poplar, cost
effective,and widelyappliedis adsorption by use afarious porous, neporous, functionalized and
surface modified sorbentsTable 1 summarizesecent studies orwastederived and natural
adsorbentgor the removal of H§* from water As could be observed from tfgable 1, thewaste
derived and naturaladsorbentdave theadsorption capacityanging between0.1 to 41.7 mg/g.
While thereare severalclosely relatedstudieson mercury remediation using CFBasedzeolites

[1.29] & detailedmechanistic studies argkaminationon CFA-derived sodalitesdoped with silver
nanoparticles (Ag NPdpr retentionof Hg?* from aqueougphase isnadequetly presented, if at all,

in the related literature

The present study is a continuation of our research on flg@shed adsorbents for the removal of
Hg2+. In our previous work[31] analcime (zeolite) nanocomposite was synthesized while in the
present work sodalite, which is generally considered azeofitic anhydrous tectosilicate. The
materials are markedly different as is evidenced by the different XRBrpsit BET surface areas,
zeta potential profiles and Ag contehterein, weexplore the utilization of Ag NPs containing
sodalitic nanocomposites for M removal. Considering a relatively legost CFA resource, it
could be effectively applied to produce Ag NPs containing composites that may address two issues:
effective utilization of waste CFA, and production of a useful adsorption for the treatment of
wastewater contaminated wittg?*. In particular, inthis work, CFA derived synthetic sodalites and
novel Ag NPs doped porousodalitic nanocomposites argynthesizedand examined for Hg
removalin batchmode The obtained sodalite and Ag NHepedsodaliic hanocompositeare
compared withthe CFA in terms of microstructure, mineralogy, morphology and removal
capacitiesFurthermore, dur types ofHg?" salts namelywith acetate, sulfate, nitrate and chloride,
were used to study the effect of tb@existing anions on the removal of HigMoreover aof the
removal efficiencieof the materials areliscussed in relation to theio physical and chemical
properties. Advanced characterization methoasre used for the elucidation gfossible removal

mechanism of mercury
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Materials and methods

Materials andsynthesisprocedure

The CFA samplesisedin this work were collected fromthe electrostatidly ash precipitators of
East Kazakhstapower stationand labelled as MCFA (Oskemen 252 MW). The chemicals used
for synthesis were of analytical grad8odalites were synthesizedvia a traditional alkaline
hydrothermal treatmerdf fly ashat 110°C, in a 1L chemical resistartteavy wallreactor using
aqueous solution 08 M sodium hydroxideNaOH) (SigmaAldrich). The reaction time was set at
48 hours to produce synthetsodalite (SOD) with substantial yield The synthesis of sodalite
underwengsimilar protocol as the synthesi$ GFA-derived zeolitgoroduced in our previous work
[2,30,31]_

The SOD was subsequently enrichedvith silver nanoparticles(Ag NPs) to produce the
nanocompositeisedfor the removalof mercury The doping of Ag NPsinto microstructure of
sodalitewas carried out vigon exchangdollowed byreduction In the beginningsodalitesamples
were left todry at 300°C for 3 hours tevaporatevaterentrapped irthe microstructureof material
Then, an adaptesilver ionexchange methol?33 was carried outby adding 10 mL of 10 mM
agueous solution dfilver nitrate AgNOs, SigmaAldrich) per 1 g ofsodaliteand left to cure for 12
hours. The reactioreservoirwas covered with aluminium foil and stored in derlavoid oxidation
of silver ions. Finally, thgproducedsodaliteslurry underwenta drying proceduret 130°C for
consecutive8 hours After that, he soakingnethodby adding 10 mL of 10 mM aqueous solution of
AgNOs wasduplicatedto obtainintermediate product dilver ionexchanged sodalige Thelatter
wassubsequently calcingdr 3 hours at 500C and continued with a-Aour reductiorreactionof
silver ions by means of sodium borohydrid®aBH:, FischerScientific) as a reducerwhich
yielded a silverdoped syntheticsodalitic nanocomposite(Ag-SOD). The samemethod was

conductedwithout addingAgNOs solution (ultrapure water was added the same volume of 10
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mL) to sodaliteto examinethe reductioreffect (R-SOD) on sodalitemicrostructure and compare

the removal capacityf produced and parent materials

Characterizationof materials

The elementahnalysisof parentM-CFA, SODandAg-SODwasconducted orX-Ray fluorescence
(XRF, PANalytical).The crystalline phasepresent in ravand produced materials westudiedon
X-Ray diffraction (XRD)usinga Bruker D8Focus diffractometer witiNi-filtered CuKa radiation

(I = 1.5406 A, at 40 kV and 40 mA.

The surface morphologgf materialswasstudied byScanning Electron Microscopy (SEM) using a
JEOL 6380LV Scanning Electron Microspe, operating in LV mode, at 20/kequipped with a
backscattered electron detector. Spot and area analysescovehactedwith a Si(Li) Energy
Dispersive Xray spectromete{INCA X-sight, Oxford Instruments), connected to SEWhe
nanoscale investigation washievedwith a high resolution JEOL JEX2100 LaB transmission
electron microscope (HRTEM), operating at 200 kvior to analysis,he suspension of samples
(ca. 0.2 g) were prepareth alcohol solution and cured with ultrasound to disaggregatny
agglomerated particles. A drop from the suspension was then placed omeg9@arbon coated
copper grid and aidried overnightThe gain microstructure was alstuslied using a bright field
detector in scanning (STEM) mode. Elemental ansilyasperformedusing an Oxford XMax 100
Silicon Drift Energy Dispersive Xay spectrometefEDS) in connection withTEM, with a probe
size ranging from 2 to 5 nm in STEM mode.

The materialsporosity was measuredn Autosorl1 nitrogenporosimeter (Quantochrome, UK).
Thesize of pores and total volume of samphese calculated from theesultsby means ofn-built
computing methodwherein he specific surface area (SSMasquantifiedusing the BET model.
The particle size distributioPSD) was analyzed using Particle Size Analyzer (PSA, Malvern

Mastersize 3000)in wet dispersiormodewith ultrapure water being used as dispersahe zeta
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potentialof materialsunder variais pH values (fronpH 2.0 to 120) was studied using Zetasizer

(Malvern Zetasizer Nano ZS, UK).

Batch adsorptionkinetics

Mercury (11) solution(Hg?*) with avolumeof 100 mland concentration df0 ppmwith anadjusted
initial pH value of2.0 was mixed with0.75 g of solid samplestima glasscontainerunder static
conditions and ambientemperature.The pH of solutionswas adjusted usingconcentrated
hydrochloric acid ICI). The selectecconcentration of Hg usedin thiswork is based orliterature
valuest?°3435] Analytical gradeHg?*chlorideand ultrapure watewvereused forthe preparation of
solutions. A volume of 0.1-0.2 mL aliquots were collected afteselectedperiod of timeand
analysedor Hg?*. The overall volume of aliquotsvasup to 2.0 % of the initial solutionvolume
The residual concentration ahercury was quantified usinthe mercury analyserRA-915 M
(LumeX with a pyrolysisattachmenthat can measuietal mercurywith adetection limitof 1 ppb
for a sam volume of 16200 pL. Two control solutionswere preparedThe first without solid
sampleto assess theotential adsorption of Hg on the container walls andhe second with
ultrapure water at the same pH to study kba&ching of silver iondrom the nanocomposites
According toresults the loss of mercury due tdsorption on container waled/or evaporation
arelimited to an average of.5%, while the leachig of silver ionsfrom the nanocomposites was
less than @ ppm The adsorptiorexperiments werduplicatedwith an averagstandard deviation

of 1.3%.

Effect of theco-existinganions

The co-existinganionseffect on theremovalof Hg?* from solution usingAg-SOD was examined
FoursolubleHg?*salts were selectedamelychloride (HgC}); nitrate (Hg(NQ)2); sulfate (HgSQ)
and acetate (HgAf). The sameexperimentalconditions were applied for alg®*saltsby adding

0.15 g ofnanocompositeg-SOD) into 50 mL Hg?" solutions withinitial concentration of 10
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mg/L. The pH value of alHg?* solutions were adjusted faH 2.0 using concentratedHCl. The
samples were analyzed for resideahcentration oHg?** ions on mercury analyzer R&15 M
using0.050.1 mL of aliquots fromadsorptioncontaines afterset period of duratiort5, 24 and 48
hours The experimentsvith all mercury (ll) sals were carried out in duplicatioand static

conditions at ambient terepature.

Results and discussion

Synthesis and Characterization

The elementalcomposition ofM-CFA, syntheticSOD and Ag-SOD are presented in Tablg. M-
CFA is primarily comprise of aluminaard silica (ca. 66 wt.%) with Si/Al ratio of ~1.06 These
findings in connectionvith a small amount of CaO (c4.53wt.%), MgO (ca.l.14wt.%) and SQ@
(ca.0.69wt.%) indicate that the coal source used during this CFA production wiisuafinous
origin, which in turn corresponds Type FCFA. FeOs contentof M-CFA is in a relativelyhigh
conecntrationreaching 23Mit.%. On the other hand, bo80D and Ag-SOD contain 6 to 7-fold
higher amount of N® compared to parenm-CFA, which is mostly due to the alkaline
hydrothermal treatment with NaOH, while tharing K:O content inM-CFA (~1.86 wt.%) has
been reduced, being replaced by sodium ions, reaching on average 0.25 wt&g.NRscontent
in Ag-SOD is approximately 2.09 wt.%which is calculated from the oxide form of silver 689
based on XRF resultand is close to the theoretical valuecalculated from material balance

(2.15Wt.%)

Figure 1 shows the corresponding XRD patternsleZFA, R-SOD, SODandAg-SOD. According
to spectrums, aonsiderable quantity of amorphomsiterial wabserved in the range ©€°-15°, a

characteristic diffused wide band afglassy phaseThe results concludingly indicate that during

the hydrothermal treatmertf M-CFA that inherently contains the aluminosilicate phases as mullite

and quartzsodalitic phasedevelopedgraduallyandis observed as the major phasesamples of
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SOD and AgSOD. Consecutively, the amount of mullite and quantproduced SOD and A§OD

were considerably diminishegrimarily because of fractional dissolution and the subsequent
sodalite phase progressiorhe obtained spectrum of th#eg-SOD clearly showshe presence of

metallic Ag NPs in the sodalitimatrix, identified by the characteristic peaks at 38.28d44.33.

The SEM analysis ofparent MCFA and producedAg-SOD also confirms the formation and

growth of sodalite crystalsnavi-CFA particles.The micrographof M-CFA in Figure 2 showsthat

it predominantly possessgaanular and sphericahapewith thesizeof particles ranging betweén

and30 pym, whil e the pr oduc e donsiderablgporausipsopselntgkee d e n

structure.

According to our hypothesis, the inherently containihgmenosilicate and silicatecompounds
(mullite, amorphous glass and quariz)M-CFA actedasthe substrate for thgrowth of sodalite
crystals and transformed into sodiuraluminates andksilicates. Theyfacilitated the necessary
nucleation sites fasodaliteevolution and led to the partial developmenpofoussynthetic sodalite
onand inside thé/-CFA spheres, with an approximate length € um. The higlconcentration of
Na" appeargo stabilize the swmicron buildingblocksof the formingsodalitecrystalline structure.
The detection of finer configurations could tetatedto the presence ahsignificantamount of
amorphous sodalite formations, during transformation with lower Al content. On the othethieand
presence of Ag NPs in tHeOD matrix did not significantly affect their structur&he presence of
metallic silver nanoparticles detected by XRD analysis was also confirmed by TEM imaging
(Figure 3).Almost nometallic silver agglomeration was observed, indicatimgiéorm matrix with
well dispersedAg NPs throughout theAg-SOD. The metallicAg NPsis observedto be well
dispersed irthe nanocompositenatrix, with low degree ofagglomeration, ranging from 10 50

nm. In most cases the particles are well defined anerigghwith an averaggize of D nm.
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The specificsurface are¢SSA) results as shown inTable 3 revealthat the BET surface area of
parentM-CFA is the lowestIt is commonlyknown that synthetisodalities and zeolitederived
from CFAstypically posses§SAthat ranges between 8 ail m?/g [°36-%7] that ispredominantly
mesoporousmatrix. The published resultsre in agreement with datd this work as theproduced
SODhas a SSA 087 m?/g. The RSOD hasabout~30% lowerSSA than SODbecause of thkigh
temperature calcination procedsring synthesis which possibly resulted inpartial damageof
matrix. The AgSOD showsa SSA of 51 n¥/g that issimilar to R-SOD, but the average pore size
and pore volume isignificantlylower, indicting partial blockage of the micropores due toNRp

doping as has also been suggestedpyVdowinet al. 8],

Table 4 shows the particle size distribution (PSD) resultspafent MCFA and synthesised
materials The Ag-SOD revealeda relatively smallermparticles size thanparentM-CFA and SOD.
The90vol% of the particle®f SODhavesizelowerthan157 um and50 vol% of it below28.5u m.
The correspondingalues inAg-SOD are57.8um and 20.31 mThe obtainedesuls might be due
to theagglomeratiorand deagglomeration phenomena synthetic sodalitefine particlesduring
and after thénigh temperature calcinatiomhis in turn might have an effect @adsorptiorkinetics,

as the adsorption ratefisnction ofparticlessize.

Adsorption kinetics

During thekinetics studies pHncreasedrom 2.0 to 3.3or M-CFA andup to pH7.0for SOD and
Ag-SOD, whereaghevalue ofconductancelecreasefrom 2680 uS/cm t®80 uS/cm forM-CFA
andreached nearly60 puS/cm forSOD and AgSOD. It should be noted thabhe conductivity and
pH evolution wasearly the saméor the sodalitecontrol reactas, i.e.SOD in water.Therefore a
decreasingonductanceraluescould be related to then exchangebetween H from the solution
and Nd from the surface ofolids, whichalsoresuledin pH increase

The adsorption kinetics results reveal tttae Ag-SOD hasreached an equilibrium removal of

approximately99% in 24 hourswhile it took 12daysand 14days for SODand R-SOD to reach
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82% and 66%, respective(fFigure 4).The divergence imercury uptakeerformancendicates a
complex removal mechanism in nanocomposite in comparison with SOD -&@DRmaterials
since it adsorbs Hg in a significantly fasr rate The M-CFA demonstrated a poor adsorption
behavior ofHg?* ions, with only 30% removal after 14 dayspm water as expectedpnsidering
its low BET surface areaand less amount of ieexchangablecations In summary,both the
removal rateand adsorption capacity &fg®* ions follow theorder: AgSOD > SOD > RSOD >>

M-CFA. The order is inagreementvith the SSA result®f the parent and produced solids, which in

turn confirms that the adsorption is the principal mechanism of retention in parent and reference

materials (SOD, FSOD andM-CFA), while the retention oHg?* ions in nanocomposite (Ag
SOD) considerably differs. Tén results suggest thahe removal mechansismon Ag-SOD is
predominantlyan amalgamationeaction between Hg and Am parallel toadsorptionandsurface
precipitation.

As it is shown inparticle sizedistribution analysis in Table4, the averagesize of Ag-SOD is
slightly smallerthan ofthe parentSOD, which correspondingly positively affected tlaelsorption
rate.However, despitbavingthelowestparticlesizeof all samplesthe kinetics oR-SODis much
slowerin comparisorwith SOD and AgSOD. This provesthat theadsorptionbehaviorin these
materialss notonly governed byhesize ofparticles but other factors contribute too

In addition toBET surface areandsizeof particles, the oxidation and reduction (redox) potentials
of Hg and Ag playa vital role in determining the adsorption behavior. This is particularly important
in the case oAg-SODwherethe redox eactiors betweenAg°®/Ag* (+0.80 V) and H§"/Hg® (+0.85

V), cantake placeThe hypothesidhereinis that therearethreeco-existingmechanisrain Ag-SOD
retention ofHg?* ions, with amalgamation being the predominantas demostrated in adsorption
kinetics profile and postadsorption characterizatisnon TEM. Firstly, the nanocomposite
undergoes aradsorption then mercury cationsHg®") are redued to formHg®, which in turn
precipitates on the surface of nanocompoaité react with theAg NPson the surfaceof the

nanocomposite to forran amalgan{AgxHg,). The Hg?* reduction andormation of an amalgam
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were also observed by othevgho suggestethe following possible reactiomechanisnmbetween
Hg?* and Ag NPg394%
Agm+ (W2) HF* - mAg* + (M/2) Hg
Agn + HZP" - AgnoHg + 2Ag*

The examination of postdsorptionAg-SOD sampleswith adsorbed Hg on TEM (Figure 6)
confirmedthe formation ofa new phase Ag/Hg, probakdynalgamlt is interesting to note that on
mercuryadsorbedAg-SOD both the amount and size Afy NPsweresignificantly reducedo 10-
15 nm. Similar results were obtainad our previous work, wher€FA-derivedsynthetic zeolite
showed an amalgamationith a very fast and strong adsorpti6ill. Another indication that
mercury underwent primarily an amalgamation reactioAgiSOD matrix is theco-existenceof
metallic mercuryand Ag on the surfacas evidenced by EDBEM (Figure 6) This confirms the
formation of fluids not dispersed but mainly agglomeratedvedeping dark long fibrils or non

transmitted large spots1 TEM analysis

It is well known that the surface charge of the solid material could facilitate the adsorption of the

oppositely charged species. This could be quantified and examingetdrynining the zero point
charge (pHrc) under various pH values, whiokgulates the electrophoretic mobility where the net
charge of the particle is zero. According to the resthits pHrcof SOD and AgSODis measured

to be around.0 (Figue 7). These valueshowthat under strong and medium acidionditions
(until it reachespHzrc), both SOD and Ag-SOD have a positive surface charge that should
theoretically repeal the positivethargedHg?*ions. However according tdhe performance oAg-
SOD the majority ofHg?" ions are removed from solution before reachingseHwhich further
supportsthe proposethiypothesis ohmalgam formation in AGOD.

There is anmportantoverlookedaspecin the related literatureoncening the speciation of ions in
solution especially in the presence of complexing agenthas Ci ions. The speciation of the

systemwas studiedy usie of Medusaoftwareandis presented in Figure &vidently, at the pH <
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5.0 the predominant speciess@uble HgCland thereforgthecharge of the nanocomposite surface
is not expected tdisturbtheremovalof mercury species in thesenditions.

The release of the Agons from the nanocomposite A0OD in referenceeactorswith the same
initial pH was negligible (0.80.15 ppm). This in turn confirms the virtually complete reduction of
initially ion-exchanged Aginto Ag° on AgSOD matrix due to an excess amount of reduction
agent (NaBH) used during the synthesis. Thereforecah be safetlfthat all the available A
within the matrix of AgSOD is reacted with Hgto form the amalgam and sample is stable during
the whole adsorption experimeiithe results allowo conclude thatinder thestudiedexperimental
conditionsthe mechanism of AGOD is complex and is comprised gsrimarily amalgamation
physical adsorption and precipitationyhereasthe M-CFA, SOD and RSOD undergagorimarily
physicaladsorption. Thisin turn, explains thecomparativelyfast and efficient removal (up t®%

in 24 hour$ of Ag-SOD as compared with SCihd RSOD.

Effect of the anions on adsorptionf Hg?*

With the aim to understand the effect of the animmsdsorption oHg?* on Ag-SOD, four anions
namelyCHsCOO (Ac), SO, NOs andCl-, wereexaminedFigure 9. According totheresults
Ag-SODremovel up to 99% of H§" from the solutiorin the presence @I, whereasn the

presence 08Q:* and Ac anionstheremovalwas lower aB3.3% and 80.1%fyespectivelyThe

lowest removaéfficiencywas observed for NOthat demonstrateonly 70.9% after 48 hours of
adsorption. Theemoval efficiencyfollows theorder CI >> SQ:% > Ac > NOs. These results

show a clear effect of the aniomgrticularly at the initiaktepsof adsorptionyhich could be

related tathe changes in the speciation of #ignd formation of complexes difficult to diffuse into
the pore structure of sodalitfinity Ag-SOD surface and the anion and the size and charge of the

anions

Conclusions
The Hg?* uptake from aqueous solutions, Iparent MCFA, synthetic zeoliteSOD and the
nanocomposite AGOD has beenhoroughlystudied The SODwas found to be thdominant type

of porous structurgroducedfrom M-CFA. The chenical compositionand BET valuesf the
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parentM-CFA andthe derived SOD and Ag-SOD are similar to the reporteddatain the related
literature. According to TEMnalysisthe Ag NPsare spherical withsizein therangeof 10 and50

nm. The alsorption kinetics of Hg?* using Ag-SOD demonstrate a very efficient and fast
adsorptioncompared withSOD and M-CFA emphasizing the advantage of doping of parent
sodalite with Ag NPsTheanalysis of the datadicatethat the dominating mechanismf mercury
uptakein SODandAg-SOD are different According tothe proposed mechanisaedox reaction
takes place ontte surface of the A§OD followed by amalgamation reaction between Fignd
Ag°. In addition, the anions effect studiskaved that theremoval of Hg" is affected by the
presence of fierentanionsand the removal efficiendpllows the order CI>> SQi* > Ac > NOs'.

The resultsindicate that CFAderived synthetic A¢eOD nanocompositecould effectively be
applied for removal oHg?* ions from water however further studies are required to study the

mechanism of removal and the application of these materials in processes such as fixed beds.
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FIGURE CAPTIONS

Figure. 1. XRD spectra of SOD, 8OD and AgSOD

Figure. 2. SEM images of the AGOD andV-CFA

Figure. 3. TEM images of AgSOD

Figure. 4. Adsorption kinetics oHg?" in simulated water

Figure. 5. TEM imagesof Ag-SOD sample loaded with Ay

Figure. 6. TEM-EDS analysis of AgSOD sample loaded with KA

Figure. 7. Zeta potential values (mV) at different pH: SOD (A) and2@D (B)

Figure. 8. Speciation of 10 ppm Hgsolution (0.05 mmol Hg, 0.1 mmol Ci) [Diagram created
on Medusa software]

Figure. 9. Effect of the anions nature on removal offHigom water
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TABLES

Table 1. Adsorbents for the removal of Agfrom water

Table 2. The elemental composition raw and produced materials (wt.%)

Table 3. Porosimetric analysis of parent and produced materials

Table 4. Size distribution results of materials

Table 1.

Adsorbent type

Adsorption capacity

Surface area References

[ma/g] [m?/g]

Coconut shell baseattivated carbon 15.2 1000 (41]
CFA derived Ag NPs doped 6.0 105.0 [31]
nanocomposite

Exhausted coffee waste 31.7 115 [42]
Modified palm oil fuel ash 1.2 28.5 143]
Mercaptemodified bentonite 19.3 92.0 (44]
Ag-X CFA derived zeolite 5.0 203 (1
Linde Type A CFA derived zeolite 0.31 - (29]




Table 2.

Compound Ag-SOD SOD M-CFA
NaO 4.796 5.858 0.763
MgO 1.139 1.145 1.423
Al;0s 25.882 24.859 21.750
SIiO; 31.099 32.343 44.425
SG; 0.696 0.874 2.248
K20 0.234 0.260 1.857
CaO 4.533 4.696 6.775
TiO; 0.939 0.959 1.169
Cr0s3 3.460 3.387 0.024
MnO 0.574 0.608 0.432
FeOs 23105 23578 18138
C30, 0.088 0.0M 0
NiO 0.475 0.477 0.023
CuO 0.046 0.034 0.035
ZnO 0.027 0.036 0.024
SrO 0.286 0.309 0.342
Y203 0.010 0.009 0.008
ZrO, 0.092 0.051 0
Ag20 2.252 0 0
BaO 0.248 0.273 0.369
CeQ 0.012 0.151 0.137
P20Os 0 0 0.028
Cl 0 0.023 0.021
Table 3.

Material type BET surface area  Average pore  Total pore volume,

m?/g size, nm cmlg
M-CFA 20+£7.0 15+4.0 0.07 £0.05
SOD 67 +12 17+3.0 0.26 £ 0.08
R-SOD 47+ 3.0 16+£4.0 0.27 £0.12
Ag-SOD 51+1.0 10+£0.1 0.13+0.05
Table 4.
PSD M-CFA SOD R-SOD Ag-SOD

Dv(10),ym  9.7+0.60  87+042 255+0.24  4.4+0.15
Dv(50), ym  67.246.40 28.5+0.06 14.14+0.96 20.2+0.70
Dv(90), ym  428+80.0  157+24  48.36+0.57 57.8+0.07




