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Abstract

Environment al cont amimsatciho na sb3gPrbtacn@imathgine t al s
organometallic species |ike monomethyl mercury
gl obal challenges dwué¢ i ba,erimeintgpxbicoaycumund r
degradation. This thesis addresses this criti
combining nanotechnol ogy, environment al che
sustainabl e materials science.

The fpiarrstt of t his wor Kk investigates t he Sy

nanostructured adsorbents for -fedhmcé¢tciemal itzoexd c
nanoparti-Edo€&@dNHmadneti ¢ nanoparticles were dev
their imentaddsorption efficiency wunder varyi n
materi al s demonstrated excell e®Ctr gred, f dwgimahn c e
enhanced selectivity, regenemm@mdviomg ctalpa b whiyt
practicéhdécestr aini zed water treatment systems.
Building on this, superparamagnetic spinel

dudlunctionality: raenmde dii e¢ o wer yofofHgval uabl e r
(REEs) suamda@&sTbOharactseag ¢ Iz e@darblyusti on synt hesi
namadsorbents offered high ayperipsoobohecmplaehay

environment al safety validated through ecoto
economy framework in pollutant management .
The second core of the thesis centers on th

selective biosensor for the detection of MeHg
teratogenic effects, even at fM3GATYGN aGMOR Vel s

Trian project, Mer B (organomercuri al |l yase),

detoxificati on, was cl oned, expresmsed) f aad i
scr-pennted el ectcloéleat iursg nigi Mk ér chemistry. T
demstrated unprecmdapaklde sehsdeiegctiyngy MeHg ¢
with high selectivity and?2no interference fro
El ectrochemical techniques including cyclic

i mpedance spect rmed otphye (rEd dSox caoentfiiwi ty and con
Mer B upon MeHg bindingne egutaambliitsabhiinng rmealdout
bi osensor proved fepott abflrei,eemddd ytserwi th succes
environment al nmeantdndcfiefsdr itniggsaetransformati ve

intensive techniquesS.li ke CVAFS and | CP

Overall, this thesis delivers a wunified pl af
for comprehensive toxic metals and MeHg manag
advanced material s and el ectrochemical engi
sustainable development goals, public health p

alignment with the Minamata Convention.
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Povzetek

Okol jsko onesnazenje wkost rswpeRli ami2Hutoevri n a mi
or gs&kmkovi ns ki mi spojidnami,srkdtroj § Meadlg o me tpirle d
naj bolj trdovratnih globalnih izzivov zaradi 1
in odpornosti prot.i razgradnj i . Ta disertaci
mul tidisciplinarnim pristopom, ki zdruzuj e ne
bi osenzorjev ter znanost o trajnostnih mater:i

V prvem delu raziskave je predstavljena sint
adsorbentov zar aundiernvkaonvjiet os torduspteni h kovi n. Raz
ami-honkci onal inainroadreil ¢c 8i @ n maghet@NH nkaantodreil hc i
sposobnost adsorpcije kovi nsnkiihh oikoonl gvs kji eh Ipiolge
materiali emné adkaowvaltiositzjpri?2,0d@inr2élggeswaabplj Pb
selektivnostj o, moznostjo rwkgemeodpij& mMNMOZnes
njihovo praktic¢no uporabo v decentraliziranih

Nadal je raacavibtiili superparamagnetni spinele f
funkcionalnostjo: izma bkisatiangaevanjdobig%¥anje d
redki h zemel | ((RIEEE )3T b Ko tardsstoa bbwnt i, pupepr avl j
sambygovneozae, ngo pokazali visoko adsorpcijsko
obgaanj e in okoljsko varnost, pyktarrj epnood pza r @ k otk
kroZznega gospodarstva pri obvladovanju onesna

Drugo jedro disertacijjevisseo kms roebdouttolCjai vreag ar
bi osenzorja za zaznavanje MeHg, Sspojine, znan
ucinkih Z2Ze pri femtogramski h keaScCaAniN a&cMgSah. \
Train je bila bakteri¢gsBa(engamsekar befjakoailni

pri razstrupljanju MeHg, kl onirana, i zrazena
modi ficiranih elekikrddhdmes veopmoéj o NaAseal. bi
i zjemool piyvpposstoben zgzmmaive3d Miedginmtwigsakm hsel ekt i
in brez motenj Za¥.adi anorganskega Hg

El ektrokemijske tehni ke, k ot st a ci klié¢na
i mpedancna spektroskopij a (EI'S), S0 potrdil
spremevereB ob vezavi Me Hg , kar omogoc¢a kvant
Bi osenzor je mobilen, cenovno ugoden in upor al

v okoljskih vzoakarhponuij &i prbbojbo alternatiyv
kot stFaS GwWwMS3 .CP

Skupno ta disertacija predstavlija celostno
bi osenzorjev zZa ucinkovito upravljanje S st
mol ekul arno biologijo z napredni mi marteerr i al i
pomembno prispeva k ciljem trajnostnega raz

gl obalnemu spremljanju Z2ivega srebra v skl adu
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Chapter 1

Introduction

1.1 The Silent Poison: How Toxic Metals Have Shaped
Civilizations and Still Threaten Our Future

Throughout history, humans have been both b
t hat surround uws. mdeatcallryy , | ickaae mli e an, and arsen
rol es i n technol ogi cal advancement , economi c
hi dden beneath their wutility |lies a darker | ec
i mpact humanhéd eanyvihr amment. These toxic metal s
naked eye, continue to infiltrate water, food
peril . These narrative t rfarceem tthei rj oauarnleyy wse
cividnszattda their insidious presence in todayNSs

1.1.1 Ancient Civilizations and the Rise of Metal Use

Metals |ike | ead and mercury were among t h
societies. The Romans, for i nstamaee a¢hteen eirv
"plumbing"” from the-l Lactdnapgluethbaoms BhBeddpipes
marvels of their ti me, but modern analysis s
contributed to the dé&dlifSndCl, @i IBebamd nwas D cales g a
cosmetics, wi ne, and cooking utensil s, furthe
elites and commoner s.

Similarly, mercury was used in ancient Chinz
een as aprmagdgitaall osrubstance. Al chemists belie
ragic irony given its neurotoxic effects. T
reat syphilis, a practice that often resulte

ppatiicons refl ectsthothangt yascloagi on with met a
rofound mi sunderstanding of their biological
The Minamata dtsastuey Uapa@O®tft hwhere industr.i
aused wi desprdiasde snseeu,r od colgad ecsalt he s e (eHarrlayd ami s u
995)Nictims exhibited symptoms of severe brai
earing and speech i mpairments, and in extrem
emi nder of the dangers of wunregul ated met al

T Ot~ W»

= OOFr 0O

1.1.2 Industrial Revolution and Environmental Consequences

The I ndustri al Revolution expomdkeniseal dfy met
Coal combustion released arseni c, mercury, an
runoff and mining wastes contaminated rivers
industries accelerated the spread of these co
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Thee metals do not degrade over ti me; i nstead,
and humans, entering t he f ood chain wi t h de\
met hyl mercury, a highly toxic form of mercury, l
By tme iti reaches top predators, including human
of times higher than(MabéebeRapuyrebualdi ng2wabder

Lead gasoline, introduced in the 1920s, mar k e
engine performheceobtut o public health. Chil dr el
showed reduced 1 Qs and cogni(tNiewd |l feunrmant iedn awel,| 1
Though | eaded gaspohlaisneed hoaust ngdw bbaedlelny, its | egacy
and soil s. I'n many developing cities, dust and
chronileviedowl ead exposur e.

1.1.3 Sources of Toxic Metals in the Environment

Toxic metals entet htrbegbanbiotbnmanur al and anth
Natur al processes, such as wvolcanic eruptions,
release metals | ike mercury and arsenic into the
have signifitaertpyeamptciefoédthese metals in var.i

I ndustrial Activities: Mining, smelting, and tFl

and electronics are major contributors to metal

are oftenmreéehdasedi Bt oplants and can be found i
wat erwdyghi mi Dehkordi et al ., 2024)

Urbanization and Waste Disposal I ndustri al W ¢
waste, -hadetlepdints in old buildings contribute
Contaminated | anadfhddmsi,n@asofwefl 6 sxisl tthuel s, rel ea

at mosphere and sur r(o@ardd vmagn cesn ve tr oanlme,nt 01 1)
Toxic metals enter the environment through bot

Natur al processes, such as volcanic eksptions,
release metals | ike mercury and arsenic into the
have significantly amplified the presence of the
Agricul tural Practices: The wuse ofomteasitn ci des,
toxic met al s, such as cadmi um, further exacer |
accumulate in soils and enter foplddbRBRéd@adinss,t hroug
2010)

1.1.4 Modern -Day Exposure and Health Impacts

Today, toxice med almore«piossirdi ous than ever. Me r
mining and coal combustion stildl contaminates
affects millions across South Asi a, particul ar/
|l eaches intoldkal IChhw othnulte awes eni ¢ poi soni ng, kno
skin |l esions, organ damage, and cancer .

Cadmium, often found in batteries and phosphat
as rice. I'n Japan, cadnmnmiaim dp aiesadoel, n gqomaiu s e dnl mai
by brittle bones and kidney dysfunction. These
released into the environment, become al most i mp

Currently active mi ning operations remai n S i
contamination globally. Re gi ompssu cwii tahs itnhtee nBa rviev in
Andes (gold and silver mining), t he Democratic
China (rare earths and |l ead), I ndia (bdauxite anct

platinum gmédupgmenal gy) report elevated | evels of
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cadmi um, arseni c, and chr oMmChlimfPien msawror @u n @il ng
Hou et al ., 2023)

These metals interfere with cellular metabol
DNA. Chronic exposure, even at |l ow |levels, is
ki dney damage, and ne¢gbLodé&gepecthiedalme,sdli ¥ )der ¢
are children and pregnant women, who suffer |
Even prenat al exposure to metals |like mercury
del ays, attention disorders, and | earning dis

Tédl1leToxmect al $urmahd a lrit ©ik s
TOXI C PRI MARY HUMAN KEY
METAL EXPOSURE HEALTH REFERENC
SOURCES RI SKS S
Mer cury Contaminat eNeurotoxi (Mabes
Il ndustrial devel opmeal ., 202
artisanal gdel ays,
damage
Lead (PLeaksed Neurodeve(Lanphea
contaminateal di sor 2005)
water, children,
manufacturi hypertens
kidney da
Cadmiumlndustri al Ki dney c(L Jarug
(Cd) phosphate bone 1998)
cigarette sdemineral
respirato
Arsenic ContaminateSkin | esi (Quansah
groundwater (lung,add(2015)
pesticides skin),
cardiovas
di sease
CHROMI UI NDUSTRI AL LUNG (HOSSI NI
M(R) PROCESSES, CANCER, AL . 2022
ELECTROPLATNASAL Al
G, TANNERI ESKI N
Il RRI TATI C
KI DNEY A
LI VER
DAMAGE

Beyond individual healt h, toxic met al con
bi odiversity, an€Gootemhnabéeéri acicgasion water
and introduce toxins into the food supply, w
reproduction and alter el g@a&roewt h rates is depi
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Agricultural activities Volcanic explosion  Mining activities Industrial activities/

8 4 4 &

Wastewater

: (Leathering, textile,
HM release sewage sludge. etc.)

T
EES

Impact of HM on water resources and soil

/

Impact of HM on fish, aquatic 2 e
and terrestrial animals Impact of HM on plants

Nervous system - " ;

Liver "
, \/‘ ]
Digestive system ? ’ SlL°

Food chain Food chain

Impact of HM on human health

Figadenpact of tdumahemét ol s on

Reproduced fr oan (a&lb.d, EZ2 0h2ad), with permission f
terms of the Creative Commons Attribution Licens

1.1.5 The Global Response and Remaining Challenges

Gl obal treaties | ike the Minamata Conventi on
emi ssions.ov&irgnle2d0 bcyountri es, t hoeu tt roefa t e rntaunrdya t ¢
containing product s, stricter emi ssion control s
replace toxic metals in consumer products and in

Yet enforcement i s wuneivresnyf fainadi emotniitm rmanngy irse gsit
of Africa, Latin Ameri ca;waasntde Soeuctyhcel asntg , A shiaat,t eirny
and illegal gold mining continue to release toxi

practices are dadi Vackbyfpewderctayi@an, making regul
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Furthermore, tihmel dekeofi omr at ercehsnpool nhosgei essy satne
hampers mitigation. Oof t en, contamination is o
already occurred.

1.1.6 The Future: Innovations and Hope

Emerging techngl bmmes of f hrop a. Nanoengi neel
bi osensors are being developed to detect and
specificity and sensitivibygamNaaoaomateewal &s s
c
r

arbon nanotubes, gmetfanotinopalitzedemahave
emoving arsenic, | ead, and mercury.

Phyt oremediati on, using plants to extract n
utilizing fedrgic,t iarce amalstenvironmentally friei
Reaechers are also working on synthetic biol of¢
of selectively binding or transforming toxic

Public awareness, combined with rigorous pol
change. Cbewmehviegi t nathndia and Bangl adesh have
and promoted deeper tube well s, dramatically
Ameri ca, regul atory frameworks have driven i
emi ssi ons.

Efforts toxicommat al contamination include bc
policy initiatives. The devel opment of <c¢cl eane
environment al regul ations, and the promotion
essemtireldutci ng metal pollution.
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1.2 When Ol d Tools Fail: Why Traditi ol
Keep Up with the Modern Metal Menace

For centuri es, humankind has faced the chall e

natur al and anthropogenic contaminants. Among t

cadmium (Cd), arsenic (As), and mercurry (Hg) ha

health and ecosystems. While conventional adsorp

to mitigate this threat, given traditional met h

compl ex contamination scenari os.

1.2.1 Historical Background and Development of Ad sorption

Techniques
Adsorption as a water purification method has |
and l ndi an civilizations used samd, pchatcoeal ,
mentioned in early Sansk(Smith,DuXxOlam)dt BgypB8t ananp
19th centuries, the understanding of physical a
study of gasat,orpvehaually giving rise to activa
the -2itdh century, activated car bon, alumina, and
metal ion removal in industrial afdHmamgcewpal wa
al ., .2019)
Despite their | ongevi ty, these trapgeci binal ma
physical adsorption, whi ch | acks selectivity f

regeneration capacity under complex environment a

1.2.2 Lim itations of Conventional Adsorbents

Sever al l i mitations challenge the efficacy of
contamination profil es:

Low Selectivity: Activated car bosipeacnidf isci manadar
bind multi ptlRoutpedii ®€sr iwmi nati on. This results i
reducing the uptake of target es(exiitu erectaall.s, wh0eln9

Limited Adsorption Capacity: Traditional mat er
especi al-megt-ladmmadhischenari os such as miaeetai brngs,
el ectronic waste | eachate. Regeneration is often
ti e&ki ka et. al ., 2025)

I ncompatibility with Low Corniceeenst:r aMaoy &nde rCn
contaminants are present at trace |l evels in com
and multiple interfering species. Conventional
parptesri | I'i on (ppb) -tlreeveetl me WY .t htbaupg a8 @2y al ., 2

Environment al and Economic Cost s: The | arge v
regenerati on -iamtde ntshiev ee nperrogcyesses required for m
complicate the sustainability of conventional ad

1.2.3 The Turning Point: Demand for High -Efficiency Adsorbents

By the | ate 20th and early 21st centmries, the
especi ly from electronics, b atnjreervye ad ie sl p a sheel ,
nsuf f iencies of convenmtgieadndlormeeshmad ¢ .©@ Aad ema n
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o

f targeting met al s wi th high specificity,

conditions, and regenerating efficiently.

Thi s demand, coupled with advances i n mater
functednaldisor bent s, particularly nanoengineert
surface area, enhanced reactivity, and tunabl

1.2.4 Toward the Future: Innovations in Adsorption Technology

Nanoengineered Adsorbentsuwridpaocomasamewat lss sl
carbon nanotubes (CNTs) , graphene oxi de ( GO)
evolutionized adsorpttiwol umédei athogandumodaicti
enable selective a(dSemrtamnetofalme,t a20 2 20)ns

-

Functionalization with Chelating Groups: Adyv
with tSH)gl afHNnhe dqr c-€@O0B®BXylgr 6ups to mimic na
binding sites, significantly improving met al
uptake even in mul(tLiicuo nepto.naeln.t, s2y0s2tle)ms

Hybrid Adsorbents: Composites integrating na
nanomaterials provide a balance betWwgbni a@affo
systems i mprove mechanical strength, ddsorpti
Wang et al ., 2022)

Bi opoiBamernd Adsorbent s: Chitoshasedal manhatica
functionalized with nanoparticles are gainin
efficiency in binding metal i o ntsr.a cTthievier fboiro cw
purification aped$oerac e¢(olmosytoi inentd vLawV.a,r i @23 )Mat er
used in Adsorption Technol ogy aarned ddeipRiicgtueedet a c
2

Physical adsorption
H*

'S
\

Surface
complexation

2
9 o, g g s
v lon exchange
TR

@k-—» f—
@ — — < B L 3
@ - ,
®./' m s mﬁ QO Heavy metals )
iErI\::tr;::i‘::c 3 m Minerals i

Precipitations | @ Exchangeable |

FigaiSehematic of different adsc

Reproduced from (Rezania et al., 2024
of the Creative Commons Attribution Lic
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1.2.5 Challenges in Adsorbent Regenerat  ion

One of the main | imitations of conventional ad
regenerating adsorbents for repeated use. Active
from a | imited adsorption capacity,umespedially
contaminants. Once saturated, the adsorbent ne e
functionality.

Regenerati on Process: The regeneration of ad s
treat ment , chemical desorption, o@eressebvamte wagh
al ways efficient. Thermad nregeinee atilemadicag be
operational cost s, whil e chemical regeneration
environment(aMoucgdmc eertnsklurt h20m8y e, the regener at
not always fully restore the adsorbent'es origin
freqguent replacement .

Limitations in Regeneration: Many adsorbent s,
effectiveness after mul tiple regeneration cycle
repleni shment of adsor bermctr emastedr ioples ,atd omtarli wwtsit
gener(@tamnet .all.n, a3 3)i on, the high energy deman
exacerbates the sustainability challenges of thi

Limited AdsorpAmotnheCaplkeytyhall enge of conven
techniques iisrphéeohi mapadi agds of the adsorbents
activated carbon have high surface areas, their
i s of ten reached qui ckl vy, especially when de al
concentrationtss.of contaminan

Saturation of Adsorbents: Adsorbent saturation
on the adsorbent surface are occupied by the pol
in the efficiency of the adsorptcitonwapradc esas.bofhog!
the adsorption capacity can be influenced by f a
nature of t(hSeanptoolsl uetta natls. , 202 2)

Competitive Adsorqwbibd: appl maayi oersal] adsorbent
compl ex mixtures of poll utants. This can result
presence of multiple pollonhaetticedocgs Fbe exam
removing toxic metals from water, di fferent met ¢
sites, l i miting thed Fefilbacn gean ceyt .od| .t,he2 Pp2xdo)cess

Hi gh OperatiComalkentCioshal adsorption techniques
several factors, including the purchase and rege
for regeneration processes, and the disposal of
of ten Iwindiets ptrheead appl i cat i-socna log ianddsuosrtprtiiaoln pirno ce

Cost of Adsorbents: Activated carbon is expens
high cost is one of thesal enaayploibsdtaicdre.s Wi lid ¢
suals natur al adsorbents (e.g., clay or Dbiosorbel
with | imitations in terms ofDadsocptebnaktapa2zDl$

Energy Consumption: The regeneration of adsor |
met hods, requires significant energy inputs. Thi

but al so raiseseemyvyi doameéeont alhhecomecreased car bon
wi t h-emieghgy processes.

Di sposal Costs: After the adsorbent is saturat e
or treated. The disposal of spent adsosbent s, p
materi al s, adds an additional I( &y aibasorf g ac oestt and
al ., . 2024)

Environment alAl tChoowgehr nsadsor pti on techniques ar
environmentally friendhejrtbey enei nobnhmevitdalouto
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di sposal of spent adsorbents and the use of ¢
l ead to pollution if not managed properly.

Secondary Pol luti on: | n S ome cases, t he re
pdlut ants. For exampl e, t her mal regeneration
gases, and chemical regeneration may | eave be

Waste Generation: The wuse of conventi®nal ad
of wast e, particularly if the adsorbent canno
be managed carefully to avoid contributing to

1.2.6 Emerging Solutions and Alternatives

Sever al strategies addr elsesi ntgh ee xcphl aolrleedn gte ® |
adsorption techniques. These include t he de
materi al s, i nnovations in the regeneration pr
met hods.

Emerging Adsorbentsch Naw mahe maatakbasastud, g
adsorbent s, and bi oadsorbents ar e being i nv
capacities and | owefY.enHiamgmeinThitse mpatd) i al
shown promise in terms of hiaghielri tayd stoag pttaroge te
pollutants.

Advanced Regeneration Met hods: Reefsfeiacricehn ti sa n
environmentally friendly regener at iacri steedini

-

egeneration has been showmomnoameéduegermraraty
compared to convent(damayg eheaimal] ®mme@2BpPds

I ntegration wi t h Ot her Treat ment Met hods:
echniques, such as filtration or photocataly
Hybrid systems may hel p overocno nael otnhee blyi npirtoavtiid
comprehensi ve paxXl.|l €Zthianng reemaoaval, 2022)

—
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1.3 Nanoengineering for Metal Adsorption

Nanoparticles: The | ast ten years haalesbeen an
NPs / nanotechnology for the fabrication of NPs
detection time and | ower assay costs are rapidl
(Sapountzi .efNaabstr201dyes of wvaried sizes (1 tc
betterment of absorbents, which bringsed.n portab
NPs can be used for catalytic characteristics,
and surface area i mprovisation.

1.3.1 Gold N anoparticles (AuNPSs)
Gold nanoparticles (AuNPs) aradpoedembnagtly u

and vari oows rotnhmemteal toxins due to their stabil
toxici t(Wigihfeshtvar. eAuMRs ,h&2Weléégnsqube Bsasumpl e
pot synthesi s, easy functionalizati on, el ectroni
with biological compounds and excell ent conduct
based on their shape, siczeel lamidd aalg gsrcelguattii oom. sWhaet re
techniques such as SPR, the incident of a 1|light
AuNPs but the oscillating electrons cannot mo v e

additionally, the el elcatreochsatc!l omua wiide dfe talte uiu
direction of the inci-demti dnedtstbreatme gyl hvea sa bdbesrmo
Mi eNs (tMwelowaynegynd 199 69governs di mension, mor phol oc¢
dielectric constantp Cenfaegaereabl g, fohishesesensin
on interaction with the AuNPs t haltatwiidn fcoalulsoewecd
by col or ¢ haSegwe ruasle dAUNNPRKs. i nt egrated biosensors
SPR sensingYpraopettiaeés, 20A&NPSerm@netofdler, anho krX)
matrix for the transfer of electrons from biol oc¢
redox reaction between hoshemodmzliudyi ragh db wluke sma te
in electrochemical sensor s, there is a huge | os
surface of the electrode; empl oying AuNPs can a
increases the electrbcbhethecal ofemagngthbhdgesever a

1.3.2 Quantum Dots (QDs)

Quantum dots (QDs) are semiconducting nanocry s

properties in nanoscale di mensi on. QDs nanocrys:
the emission spectr-ateel redmxbt hany &ehedthrond ast |
optical sensing advancements have been using QD:
spectral emissions from its varied size, which m
i mmobilizatiomiafalv aroileewwsu |l kisolhmas been achieved
interfere with the emission properties; this als
extent.

1.3.3 Magnetic N anoparticles (MNPS)

Ther e ar e many magnetic NPs ( MNPs) arulsy d for
ferromagneti ¢c matoexriideel sansduccho baad tl rfeemrrite have |
used. The main advantage of wusing MNPs is the ab
external magnet in various solutionbp fHloneexampl
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in the first step after functionalization of
other functionalization.

1.3.4 Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) can be attributed
el ectr ochemilbcaadkeidorsemsd mngemp!| at f orms and absorhb
excell ent t her mal , mechaOHobhki agdr eetcaltoni 20
al ., , 2Mmlaln)owi r e mor ph-epegiyes unhtaeadtiioon and
transition propemptires esTlhhd LINGve amr be used tc
i mmobilized functional group onto the bul k m:
porous network facilitated by the CNTs can be
interactions iwtiyh high specific

1.3.5 Nanofibers (NFs)

Nanofibers (NFs) is a polymeric materi al t h
technique (applied on a soluti on -luiski engs thriucht ue
with a submicron di mensi omp e rNatsi oanrad , e caonndo nti ccl
porosity and high surface area, which enabl ¢
convefSupnnet ,xllect20h6)xs, tissue engineering
(Luzio et alrote2®l(4Qui irfoisc ethindd devaO0bpment of
sendAmaly et Moghaz9let BI ., 2016)

The NFs can be secondary collected on plate
vari ogsenbiaog applicattfiubnsappTheamosn ose NFs i

MNP§Zhu et alCN™MaOE3h et AuNRBHEIONNaEBMI d et al .,
or construction of anothEeCetiayemM. 2f, co®Md&)tin

1.3.6 Carbon -Based Nanomaterials

Car bBboansed nanomateri al s have been extensivel

efficiency and surface modi fiabil i thya.noAmdbrege t
(CNTs) , and activated carbon are widely rese
structur al robustness, and surface functional

Graphene sBB®etca(BGB8h | attice wiathom3p 2malkyelsr ia
Graphene sheet PGeNe Mdarcihouecgumes of adsor g
depicted bel ow, among which GS forms a hexago
GS asbhb amat eri al serves as a good interacting
di fferent positieorntsi.e sElseuccthr oadsomneadswpg eloec terloenc
accepting of GS makes it the (bAstask20Ek%al st

Graphene oxfde istslhmpwgemng groups such as h
carboxyl, which facilitate the adsorption of
and complexadiomnsTloeat wetructure of GO all ow
functiomaald $s$huesi mproved adsorptiogrspapiaal ty e
mulwal | ed adwa | Isdé ch griydaermoent sitersat e excell ent pot
adsorptiorwonjThgated systems and ability to
further kddetcttiiveeinress in bindiamg 2Widtaho neett aalls. ,
2019)For instance, funchhdylalorzi ami ICNTGr ova i h a
met-milndi ng selectivity and capacity.

Sustainabl e sources of carbon material s, suc

have also shown promise-iinmprieecantcagtbwdi ensa.n ok
onlryeduce production cdgstendbuy al ser rodtfiewe se cf
adsorp¥ntZhao et al ., 2018)
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1.3.7 Metal Oxide Nanoparticles

Met al oxi des suc® amnd OFreo nt iotxd iesm)(,diemxd dzi fdi O
oxide (ZnO) are widely recognized for their ads

charge charactearitstviieay, ftinglh redox behavior. Il ro
particul ar, are efficient adsorbents for arseni
for oxyanion species.

A notable ad®@amthogpeardfi chkes i s their weagneti c
for easy separation from treated water wusing ext
minimizing environmental risks. Titanium dioxide
but al so demonstrate photocatal ytiacdaddatoinviotfy un
certai rnmetrglanciempl exes. The devel opment- of compo
GO hybrids, has further i mproved t he dual cafrf

photocatal ysi s.
Zinc oxide nanoparticles are eenophovtedryi ci,n nbecatnh

acidic and al kaline environment s, whi ch broaden
systems. Their relativetfyesimpérpesygynmaksi E2né@nd ¢
for $aalgetwebéekKenti (et al. 2020) .

1.3.8 Polymeri ¢ and Composite Nanomaterials

Polymeric nanomaterials offer great versatili

applicati odhhased€hinbo®a@omposites, are particular/l
bi odegr adatboxliictiyt,y ,noannd a baulndgrnacep so fc af puanbcltei oonf ¢
metiad Mhen functionalized with -bdsod mat ami ales gs o
enhanced selectivity toward specific toxic metal
Recent studies hawvwneetianlt rooxd udcee dngpo@léydisdire whao et i o
power of met al oxides with the mechanieal fl exitk
FeO nanocomposites not only offer high sorption
recovery. Ot her mat eri al s | ihkaev ep oallysaoni d h mven astdr
binding affinities for various metal cations due
Hybrid nanocomposites: The ¢ onmmpsiuncaht iaosn coafr bdoinf f
with metmHasoxdrdeat ed syner gripetsi otnh aki nientpi rcosv ea nadd st
materi al |l i fespans.

Magnetic nanomaterials: Theset madteme ratl sr ead d oeavr
processes, reducing the cost and complexity of w
Gr een synt hesi s: Biosyneketnactsr,oubast eusiian,g fp
agricultural-fwasesndl pf At eenatives to chemical S
mini mi zeptog®guct byand pr oMmDitReazsscuusatl.a i n2a0b2i2l)i t y
Furthermore, artificial intelligence (Al) and
integrated into material design. These technol og
optimizing synt hesi s rout es, and mo.deSunp adso
interdisciplinary approaches ar e expeat ed t o e

innovatigsrealtoafppll cati ons
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1.4 Synthesis and Characterization of Nanoengineered

Adsorbents
The synthesis of nanoengineepbpédnadsmabentaltbs
engineered structures, chemical compositions,
specific adsorption processes. These materi al
such @&l sphkocesses, hy da ott rhces priarl n i snygn,t haersd s ¢ h ¢
deposition, to create nanmnembhumei alag i wst hpbig
functional group density. Moreover, the size,
can be precisely conesriosl | mdo cdeusrsi nfgo t émeh asnycnet
capacity and selectivity for specific polluta
andyédhekkudan .etThaed .Sc h2eOndart)i ¢ representati on
Nanoparticlepi ¢MB&®gBnes de

q }7[7 Magnetic OH - Surface Jf Magne{ic o

‘/E N\ '_f Reaction 1\ separation ,:;lﬂ i treatment ’f'\ Sseparation ”“ &

E N JL\ ’:}f;nr v A& nu?nu A,”-:_'_.Oj}»lg"” ?5 & <®>

i R R o B < S

NHOHaq M;wny

2 !
2-propanol
NaOHaq dH0
N NH.OH Dispersing
NH ) i P indH0
2 NH: . N I -
\ ) e, N Magnetic I
d o' E separation g Reaction - |

g -— -—
. s Washing 24h,25°C
™ S EIOH/dH:0 pH 10, 500 rpm
NH: o 3 g/
NH;
< o oy
NH@Si0; coated MNPs Mo 0]/
050~
e oy
S

Colloidal solution of MNPs
Magnetic \ Desorption &

¥ (1.035 + 0.005 g/ml)
separation : Regeneration
e 2 _—

X =-J. Acidic medium,
4& Sppedlly” . 1h,25°C
-\l
P

Adsorption

2h,25°C, pH4

Aqueous solution
of metal ions
(Dy3*, Th**, Hg?*)

Fig@&iSehematic representation of the exp

Synthesis of Magneti Reprodpeedi EFrem ( MNPw) n
al ., 2023) , wi t h per mi ssi on from MDPI , under
Attribution License (CC BY 4.0).

1.4.1 Methods of Synthesis of Nanoengineered Adsorbents

The synthesis of nanoengimeatiean aafs omdreanmat e

properties that maxi mize their adsorption eff
synthesize these nanomaterial s, each providi.!
desired properties of thel §yionabdpsypydubesi $hmet
s egle | processes, hydrot her mal synt hesi s, el ect
(CVvD) .

ScGe l Procegs:!l Tmed hoadl i s a widely wused tech
nanoengineer ed adsfoorrb etnhtes ,c rpeaarttiiocnu |l cafr lyor ous |

silica, titanium oxbdeedTa®8drbamids .al Tmi sapr
formation of a colloidal solution (sol) foll
materi algelThgrldoodwsss faor t he contr ol of particl

chemistry, making it ideal for producing adso
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opefdbheegedl met hod has been used to synthesize
sorptional ,dyaen d ewrsotvd ISakkrai, f i20@d13i) on
Hydr ot her mal Synt hesi s: Hydr ot her mal synt hesi s
eate nanoengineered adsorbentri.ghTéhd surteecdamd qu
g mperature conditions to promote the crystal/l
| uti ons. Hydrothermal synthesis is often used
met al oxi de naormcrar tnmactl eerst, aolrsq@a rbaomd f ma me wor Kk ¢
MOFs), which are then us(eBly rfaoppa d&s oAdstThoenr ia,p pd O
bility to precisely control the size and mor phe
synthesis ideal for producing adsorbents with op
El ectrospinning: El easeds pionmirmgluice aamef hbeér s
n utilized as adsorbents in various environim
ymer solution -vel sabgbpeetedttbcafhebtd, causing
ers that camblsd radlel e €l edctormsgpun nanofi bers e
porosity, which make them ideal for applicat
tration, and water purification. Additional/l\
funcd iwintathi zari ous chemical groups to enhanc:
ecific contaminants.
Chemical Vapor Deposition (CVD): CVvVD is a proc
thin films or nanostructures onto angulbhatndatee tt
vapor phase. This method is often used for the s
graphene, which are known for their high surfac:i
t
r

r
i
0
s
t h
po
fi
an
fi
be
Sp

he creation of nanoengineered agdeotbestd owittlhhe
emoval of metal s, goars¢ebanawpoét uabntsz20aajp

1.4.2 Surface Modification of Nanoenginee  red Adsorbents

Surface modification is a critical step in the
it enhances their ability to interact with speci
groups on the surface of naintoypaandcbsebectihei tayds
materials can be improved. Common surface modif
functionalization, polymer grafting, and biomol e

Chemi cal Functionalization: Chemidawalt i omn otfi on a
specific chemical groups on the surface of nan
properties. For exapl aretbfolengioupedfced on

nanoparticles to create strong coorrcdurnya,t iloena db,0nd
and cadmi um. Si mCO@H) yandaNaH2o)xypdr(olups are c¢commo

introduced to enhance the adsorption of organic

Pol ymer Grafting: Polymer grafting is a technig
to the surface of nanoparticles, providing funct.
often used to create composite adsorbents that <c
and the nanoparticle. The pol ymer med aii fxi ccan b
contaminants, such as dyes or metals, while the
and enhance the cawarcdMitlgsadgsyrcktai en al ., 2021)

Bi omol ecul ar | mmobilization: B i oantotl aecchuil nagr i m
bi ol ogical mol ecul es, such as enzymes, antibod
nanomaterial s. This technique enhances the sel
pollutants. For exampl e, t he usset rafbdNa\gtoarmer s, w

RNA mol ecules that bind specifically to target
devel opment of adsorbe(SsukdbanOROXiat. meal remov a
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1.4.3 Adsorption Mechanisms of Nanoengineered Adsorbents

The adsorption mechanisms of nanoengineered
surface properties, si ze, and mor phol ogy. T
adsorption, c hemiecxaclh aammdyeeg mpatnedf Kthiamm et .al . |, 2
Adsorption and dmeetoald tsi adrspdftc gT@axeii

TEOS APTMS =,
T - 9t _ § \‘\\
ﬁo,shoj , HsC0-§i- By \\
HeC CH ocHy ¢ > w
—_— ) — % j 4
Iron Oxide Si02 coa‘ted NH2@Si02 coated Iron Oxide @ y-Fe203@NH2 NPs
(r-Fe;03) Iron Oxide (7-Fe203@NHz NPs) Adsorbent

Adsorption
Sg®
)

s
pH4/pHT

Water containing
Heavy Metal lons

Desorption & Regeneration

of Adsorbent Separation

Legend

* Hydrogen
® carbon
@ Nitrogen
@ silicon
@ ron

@ Heavy metal

FigdrAesorption ant xdes onrefd tail o n omfs

from aqueous solutions. Reproduced fwiotnh ( Al
permission from MDPI , under the terms of t he
(CC BY 4.0).

1.4.4 Characterization of Adsorbents

The efficiency of adsorbents in removing th
their structural, Ilchpmopatti easnd Qphhayrsaicctaer i zi
thoroughly is, therefore, essential to opti mi
materials for environment al remediation appli

The adsorption capacity, selectivity, stabil
of the most critical aspects that mu st be as
surface area, mor phol ogy, pore structure, art
Understanding these properties allows researc
efficient -ebfufte catlisvoe caonsdt stuesrtmaiursaeh | e ofrori nlsamg c «
with high surface areas and a Imargeefh@dimberenaof
contaminants, i mproving t(hfl kohveelrdail |le ta daslo.r,pt2 0oz

The characterization afeadf$ovhenbssi aval yeé s
which can be broadly <categorized into physic
Physical characterization met hods provide [
mor phol ogi cal features ofeadsmpomenssze sdrcat rai
particle size. Common technigi{ensneiil|l tbrs (B8&T¢e
surface area anal ysi s, scanning el ectron mi
mi croscopy (rTeEWM)di fafnrdacXti ohn{ ¥BRBy. heheséent aade
the structur al integrity of adsorbents, as we
size and distrilbwreioenaf ethair,pa@nes)
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On the other hand, chemical characterizati on me
composition andpfesentoonal tgeoapsorbent' s surf ac
Fourtireaansf orm infrared speayr ohoampmyel EETIFBh apdct
(XPS) provide detailed information on the chemic
el ement al c o noprobseinttiso,n wohfi cahdsar e <cri ti cal i n unde
i nteract with contaminants. FTIR helps to identi
carboxyl, amine, or hydroxyl groups, which pl ay
formingg Bamasn wiacthsluneatalal ., 2022)

1.4.5 Physical Characterization of Adsorbents

The phydiacalcterization of adsorbents i S esse
structure and properties, whi ch directly aff e
contaminants. Several physical techniques are ¢
including BBRT asadfyasd s, arS&M, TEM, and XRD.

Brune&umme-Tel |l er (BET) Surface Area Analysi s: T

used to determine the specific surface area of
adsorption of nitrogen gas aonndt ot hteh ea nsouurnfta coef onfi tt

adsorbed is measured at different pressures. Th
adsorption isotherms. A higher surface area typi
adsorption sites, whidhH caremarnycdan tpod | matamrti ale'mo
surface area is especially <crucial for adsorben
(CNTs) , antdagedpmanheri al s, which exhibit | arge

used for the adsoampdi omgeafiuft &innit lsa met adls. , 2019)

Scanni hgoBkl Mccroscopy (SEM): SEM is a widely
surface morphology and topography of adsorbents
detailed images of t he adsorbent sur face, showi
and suaughcreesrs. These structural features play a
interaction with pollutants. For example, adsorb
often have more accessible acAbegumrsdd est falr. me2(
SEM hasexbteeemnsi vely wused to investigate the surfa
silica, activated carbon, and nanoengineered mat
Transmission Electron Microscopy (TEM): TEM of
SEM and is used to anaulryez eantdhepairnttiecrlneals iszter uof a
nanoscal e. TEM i s particularly usef ul for e X a
nanoengineered adsoobgmansc Ssvamewsr kbsas @MOF s ) , (
nanomaterials, and othandnahapempbshaespaidlhecbes
influence their adsorption capacity, with small
surface area and enhaftZbdngdsbrption2pe8perties
X-ray Diffraction (XRD): XRD is a technique use
phase composition of adsorbents. By analyzing tl
rays are scatteredi @y, thesadsohbeatcamatedenti fy
and assess the degree of crystallinity. XRD is

oxides and MOFs, where the crystallinity can inf
Crystallineftneant eex il si t more stable and predict

compared to amorphous material s.

1.4.6 Chemical Characterization of Adsorbents

Chemical characterization techniques ar e cruc
composition, surfacandubonhdongl!l i gteupstions of
directly impact their adsorption capacity and se
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Fourtireaansf orm I nfrared Spectroscopy (FTIR):
identifying the functional ghontps. pBesmadas wmi
absorption of infrared | ight at specific wav

mol ecul ar vibrations of fuQO¢)iopnaiClo@HylLupeEnsucC
ami AeHZ) groups. These furatli omale gmouphme pPpldsypr
by interacting with metal i ons through coordi
bondi ng. FTIR is particularly wuseful for cha
ot her polysaccharideadsasbeaert 4 Ilaiskes ymethalt i ox i
activated carbon.

X-ray Photoel ectron Spect r ossecnospiyt i(vXeP St)e ¢ hxnPi Sg ui

analyze the el ement al composition and chemic
adsorbentXBS spurdwiccekes valuable information abc
i ons, t he functionali zati on of nanomateri al s
adsorbents and pollutants. This technique ha
chemistrynod adsbrlmes graphene oxi deor gcaanribcon
frameworks (MOFs), which often exhibit comple

i nteraction with contaminants
EnerdgysperrsaweSpectroscopy (EDX): EdDX wist hof t ¢
SEM or TEM to provide el ement al analysis of
charact graiysstiecmiXted by el ements when they a

all owing for the identification and qiuantifi
technique is particularly wuseful for under st
adsorbents and confirming the removal of tar
(Ahsan ex) al ., 201

1.4.7 Adsorption Capacity and Selectivity

The effectiveness of an adsorbent in removi
including its surface area, pore size distribl
capacity refers ntoamihnea namotumat ocdfancobe remove

adsorbent, while selectivity refers to the ad
pollutants in the presence of other contamina
Surface Area and Pore Size Dvisdes bmadarn ®nad®Aoh
sites, which can increase the adsorbent's cap
pore size distribution plays a critical rol e
materials with small erb pomealsl emaymcsled ewltda sr,el wh
may accommodate | arger molecules or met al i on
Surface Functionalizati on: Surface function
selectivity of adsorbents for specific conta
thiol s, and carboxyls can be introduced to th
with metal ions or organic pollutants. The

significantly enhance the adsorptomnnaapaci 5y
as mercury, (Keadetdh!l dye2o

1.4.8 Applications of Characterized Adsorbents

Characterized adsorlbyendamsplhavde ibne eexn vwirdoen me n-
particularly in the removal of toxic metals a
characterization of adsorbents ensures that 1
application
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1.5 Adsorption Mechanisms and Kinetics

Adsorption-biasea phremaeammenon in which mol ecul es
phase adhere to the surface of an adsorbent
diation, particul ar |l ys ufconr arse ntoovxiincg nbheotxailcs ,s uc
ic pollutants from water, air, and soil . Th
S, including the adsorbent's surface are
ties ofRajie atd sadmieetr2zsO0t2a3n)di ng t het meshani sr
orption is essential to optimize materials
ma n c e -boafs eadd ssoyrsptteinosn f or environment al cl ea
Adsorption mechanisms can be classified into p
hrei c al adsorption (chemisorption). Physisorptio
orces or el ectrostatic interactions bet ween t
hemi sorption involves the formation of stronge
dsotr bamd the adsorbate. The nature of the adsor
determining the adsorption capacity, sel ect
rther mor e, the efficiency of adsor ptnitan is inf
ch as surface area, pore structur e, and funct.
ke temperature, pH, and the concentration of t
Understanding the kinetics of adsorption is eq
equi raend afderor bent to reach equilibrium and for e
dsorbent s under varyi e opdsarpbonah opoondesbsons
overned by several kinetic models that describe
ound to the adsorbent surfacéd.i -oGddnmemo ra nno pelesu dion:
ecomder Kk
rocess. A

h

_1
= N = =

etic medeéelns, gwhi ¢mt pr ¢ hied dynami cs o
[ ionally, the Langmuir and Freundl
et ween t concentration of adsorbate and the &
O assess e C agpdsd rtyt aamirdd in aettu rael .o,f 2024)

The study of adsorption kinetics and mechanisn

net
dit

fficient adsorbent s for vari ous applications,
urificationryaod vakuakicevmetals from industrias
f environment al remediati on, optimizing adsor pt
he right adsorbent material but also understanda
dsorbent fdredemt conditions. Moreover, under st an
el p design continuous fl ow adsorption systems a
dsorptiomheomemhani sms, kinetics, and applicati
@ removal of toxic amet alephicg@®mdeam ef fl uent
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Background

Adsorption of Different adsorbents for heavy

Adsorption process
B = heavy metals metal removal from wastewater

Applications in
wastewater
remediation

Biomaterials
- Agricultural wastes & plant fibers
- Algae, bacteria, fungi
= Biochar
1

* Elovich

‘Thermodynamic parameters
- Initial concenration of heavy metals Nanomaterials

- pH +  Carbon nanotul

*  Temperature Conclusions +  Nanocellulose

- Adsorbent dosage, cic. and sutiool - Graphene oxide , ete

FigbimMéhe mechani sms, Kkinetics, klerdt appl i ca
for the removal of toxic metals from an ef f|
with permission from MDPI , under the terms of

(CC BY 4.0).

1.5.1 Adsorption Mechanisms

The mechanisms of adis gr pctliacssnsi d armdbé nboo@hy

(physisorption) and chemical adsorption (chem
the adsorbent and the adsorbate determines th
Physisorption: Physi bgr weia&kn iins echataoheri s
Waal s forces, bet ween the adsorbate mol ecul es
adsorption typically occurs at | ow temperatur
mol ecul es are weakl yPhgandotptibe Bdsosbahty

amount of adsorbate adsorbed is proportional
Adsorbents i ke activated car bon, silica, i
physi sorption, making tohvearh sepfbt abh emof ec ultehse
hydrocarbons, gases, and volatile organic com
Chemi sorption: Chemi sorption, on the other |
chemical bonds, such as covalent or iomtic bon:
surface. Thi s type of adsorption is typical
temperatur es compared t o physi sorption. Cher
adsorption and results in a higher adsorptio
fwnn i onali zed carbon material s, and bioadsor b
them effective for removi ng ctoorxtiacmiimida matlssi, ety e
al ., . 208Bd)presence of fudircaxyyln,alcamrmaxypyyl ,suarmd :
on the adsorbent surface plays a significant
formation of strong bonds with metal ions or

l on Exchange: I n addition to physisorption a
i mportant mechanism of adsorption, especially
occurs when ions from the adsorbent satef ace

typically in aqueous solutions. This process i
chitosan, and resins, which contain exchangeal
cadmi umeraudky. Yang et( Xal .Y,anpy0®ea) al ., 2019)

1.5.2 Adsorption Kinetics

The study of adsorption kinetics is crucial
adsorption process, i ndlad ki mp | lrecw | i akley atdlse
adsorbent surface and how | ong it takes to r
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depends on sever al factor s, such as t he adsorb
adsorbat e, temper at ur eo,r baemnd tahned naadtsuorreb actfe t he ad

QaM'Q RoTQo P (1)

PseddoOstder Kinetic MbidesteMThki psttudomodel i S
most commonly used models to describe the adsorp
t hat the rate of adsorption is propoirumonal t o
concentration and the concentration of the adsor
the pbBeondder modeli fls. expressed

where ge irsi urmmeadcgaridtiibon capacity, gt is the .
t, and k1 is the rate constant. This model i s o
the adsorption rate decreases as the adsorption

AN RTAO EFN RN o )

Psewka dOrdler Kinetic Moadedmddhekpseuido model as
that the rate of adsorption is proportional t o
equilibrium adsorption capapci tgpaadtyheThhiusr mod e
more suitable for systems where the adsorption r
of adsohibgahteer adoncentrations and when chemisorpt|
The equati on -sfeocr-omdhed eplpiess @ nt @, wihrerkeqg k2 i s the

rate const anstec-olmhdee rp sreadel is often used to desc
metal i ons ontomhiatdesoam,e nact il i&teed carbon, and me
I ntraparticle Diffusion Model: The intrapartic
di ffusion of adsorbate molecules within the pore
the ratoa pdfi omds s controlled by the diffusion of
adsorbent particles.

no Qo7 (3

wher eskphe intraparticle diffuEQg®preaeatednst a
the equation for n.dthi apamrotdied!| ei sdiddeaudsi bo eval ua
adsorption process is contr olilnetde rbayd tpiavatnigc & di f
Guo, 2022)
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1.5.3 Adsorption Isotherms

Adsorption isotherms describe the relationst
its concentration in the solution at equilib
adsption isotherms, including the Langmuir, F

Langmuir | sotherm: The Langmuir isotherm moo
a surface with a finite number of identical S

The moedkelridoes a monol ayer adsorption process
mol ecul es.

oI p¥n v pf  p7o

(4)
where qgqe is the equilibriisumt haedsmapitmom a&dP
capacity, KL is the Langmuir constant, and
adsorbate Tihne seoquatiioonn. for tihre.(Bangmuir i sothe
Freundlich | sother m: The Freundlich isother
describes adsorption on heterogeneous surf ace
suitable for systems where(Bdbatphdenesi aks, a

NA + #v pAl

(5

wher d sKft he Freundlich constant and n is the

often used for S yisd eeanls & dka rbp Tthienrge dnwdntaivo o r f o r
Freundlichni(89t her m

1.5.4 Applications of Adsorption Mechanisms and Kinetics

Understanding adsorption mechanisms and kine

and operation of adsorption systems used in
treatment and air purification. Adsorbaents ar
toxic metals, organic dyes, pesticides, and p

the adsorbent's properties based on the adsor
to enhance the efficiency of themadasloreft i pol Ipu
at | ower costs.
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1.6 Biorecognition Strategies in Metal Adsorption

1.6.1 Biorecognition Mechanisms in Metal Adsorption

Bi orecognition involves the specific interacti
mol ecul es. I n t he ecrmaosveal pf t met abli Mbaghcraads mat e
mi croorgani s ms, pmwsei nheinr f prerpti dresl groups
carboxyl s, etc.) to bind metal ions selectively
broadly cl assified gi,ntcoo mpd erxditn aotni,oreltecntdiorst at i
I oreixec hd Frge et dal ., 202
Coordination Bonding: One of the primary mecha
ormation of coordination bhomdtsi beawegmomes adnilo
ur faces. Met all ot hioneinsyitbr pexamphe, thane sm
table complexes with toxic metals such as mercu
ontain t h§5H) ghaupdiddmettalongbygst providing a
ffective method for their removal fHiomdi agueous
roteins I|ike ferritin and phytochelatins can i
oordination bonde,tiemhagmrwicregsst.he adsor

El ectrostatic Interactions: Many microorganism
dsorption rely on electrostatic interactions 1t
nd al gae, for exampl e, are nagariaceéel yandhardgeod,
ositively rged metal ions. The electrostatic
ons i s a ¢ ical factor in the adsorption proc
s lead (Pb), coppEeChydghu)et.aald. zidh@&2Z)Zn)

Compl exati on: I n addition to coordination bon
compl exation i s a significdadmtsedeanted mils madisror i i
Compl exati on ccurs when met al ions form stabl e
grosupn the bi l ogical material. This mechanism i
chitosan, which contains amino and hydroxyl grou
compl exation.

OT ® O n nu —

Q T T O o

(0]
(0)

1.6.2 Biorecognition Agents: Microorganisms and Biomolecules

Mi cr oorsgansiuscnn as bacteri a, fungi, and al gae,
agents for bi orecognition in metal adsorption d
nvironment al conditions and their natur al af f
i omarbk eorrse,cept or mol ecules, and transducing nan
epi cFed®eorae
Bacteri a: Bacteri a, particul arBEgc lteéiroisehiia, thheaev e
hown a remarkable ability to adsorb met al i ons
hese microorgani sms possess functional groups,
hat can interact with metahdioempvdélacf !l omatiohg
acteria such as Pseudomonas fluorescens and B
ffectively remove metals |ike cadmium (Cd), C O |
f these bacteria to regeacaenatrtanti adapmakesvah
andi dat esc dleame d a(BYtgenoret .al ., 2024)

Fungi : Fungal speci es slulcihumsha&wsgealgsd |luese mnidd ¢
ective biorecognition agents for met al adsol
uctures rich i n polysaccharides and protein
pl exation and el ect ruwsstnaitgiecr ,i nitne rpaacrttiiocnusl.a rAs pt

coomw— 4w o oo

wn o

f f
tr
om
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o efficiently remove metals I|ike | ead, cadmi
ffering a promising bioremediation strategy.
Al gae: Al gae, including species | i ke eChnl or el
xtensively studied for their ability to remo
ell walls of algae contain polysaccharides,

hrough el ectrostatic i nteracti omvaandageomml
i orecognition due t o their rapid gr owt h r a
nvironment al conditions, maki«sgaleemnanr anime
emedi ati on.

Bi omol ecul es: I n addition to microorganisms,
aptamers are highly effective for metal a
high selectivity. Apsttarmeerdsed whNA holraerd®gN A hmo
be engineered to selectively bind metal i
ochelatins, naturally occurring proteins

metals | i ke cadmium -8anddipeagccigtefiye seihhr al gh

= D®OT TOO

NTT O 9 QO

Target Molecules Detected

(:

| % TIX IOYS &

|

i Virus Antibodies Proteins Gene sequence |

CT% w%ﬁgﬂ?

Antibodies

Enzymes ACE2  Peptides
Blo-recogmtlon Element

Nanomaterials

Interface Modification

Colorimetric
Amperometric
Fluorescence
Impedimetric

Voltammetric

Signal output

FigeiSehematic representation. of

bi oreceptor mol ecul es, and transducing
frokmar(uppai ah et al ., 2023), ScienceDir
BYNGND 4. 0.

1.6.3 Integration of Biorecognition with Nanotechnology

The i ntegration of bi orecognition strategi
significant i mproeemeanat s ofn toki c metal s fror
Nanomaterials such as car bon naonrogtaunbiecs f(rCaNnTesw o,
( MOFs) have |l arge surface areas and can be fu

their adsorptiaombd apabibleintised hall combine bi ol
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with nanoparticles have shown enhanced selectivi
(Zuo et .al ., 2024)

Figudskeows the main components of Biosensor witdt
and transducer which produces a detectabl e signa
nanotechnol ogy has furthesekebtncedy toke ehéseis

Nanoparticles, with their | arge surface areas an
bi ol ogical recognition el ements, such as enzym
nanobiosorbents. Theserehybei semateirvialyg ocbmbi ol o
the high surface area and tunable properties of
adsorption capacity and selectivity for metal io
bi orecognitionoofif dms & hpowdrficli ent and target ec
from contwaniexXat & ng et al ., 2024)

BIOSENSOR OVERVIEW

Analyte

RN
b — Transducer

Biorecognition | I ~
elememg . \‘(/ Signal
(& 52

ANALYTES BIORECOGNITION ELEMENTS
Yeast Bacteria Virus Parasite ‘ Antibodies Aptamers DNAzyme PNAs Peptides
Y ok )X
: . — . L
— ! 1 g\v\

Imprinted Whole
polymer cells
'

W . | ] e

DETECTION SYSTEM

A Q

Fi g@:™Mai n ¢ o mp binoesnet nss oorf

Proteins Tissue Toxins Antibiotics Bacteriophages Enzymes

Reproduced from (Sande et al ., 2021), with per.|
the Creative Commons Attribution License, CC BY

Despite the numerous advantages of biorecogn

it
remain in their practical application. The effi

influenced by factorsangdudtheasopid,enttemgaroant wrfe,cor
solution:t efTme sit@amg | ity and regeneration of bi ol
concerns that need tsoc ablee aadpdprleiscsaetdi ofnosr. |Aadrdgiet i or
| aborsadalry biorecegnési oo pndustrial l evel s req
technical and economic challenges. These chall en
and ongoing research is focused on improving the

of Dbi or ebcaosgendi tmeotna | removal strategi es.
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1.7 Functionalization with Biomolecules

1.7.1 Proteins and Peptides in Functionalization

Proteins, particul arilndi hdposdeo mavi hd, meteal wi
functionalizing material s duel ée@xe st hweiitrh anbe tlalt
Met all ot hi oneins (MTs) iahclpaoves eohssmahhe o0
studied for their high affinity for met al i on
(Cd) . MTs are known t o couogrhditnhaet es uMiftuhr nmeettoanmhs
residues, forqpirmgesmnhaltloenpmexals . Due to their
met al s, MTs have been employed to functional:@
nanoparticles for t hfer orne npoBvtaelis aczf etto.xailc , met0a2lls)

Peptides, which are shorter chains of ami no
adsorption Cert ai-ni npdeipntg dneost iwfistrhi snbectppd p s i d g s
hi st-rdchepepti deysnt theasviez éoce efnor t oxi c met al rer
be tailored to exhibit high specificity and a
candidates for functionalizing adsorbents for
contaiinolnggndups have been shown to effective
and |l ead (Pb) from contamindtedo wat.at .t hk2oeadh

1.7.2 Enzymes and Other Bioactive Molecules

I n addi tion t o proteins and peptides, enz
functi ondaulei ztaot itommei r ability to intebriancddi mag t h
sites. Di fferent bioreceptors aslkaeyt roamgamars
based peptide/ protein bi oconjugati o-Recednrti ven
bi oconjugation st Fatgagi¢d sg Qire spergitd teteadzyintes s uc
as |l accases and peroxidasesitmwhgeaerh mateab mlviod vp
have been used to functionalize materials for
enzymes can form stable complexes with metals
(Cr), enhancing the effmiagepoys ¢Bbkimat abns emoms
2022)

Ot her bi oactive mol ecul es, including nucl eic
investigated for their ability ctud aatlyomrlpt mee
singttlreanded DNA or RNA mol ecules that can be e
to metal ions. These molecules are useful for
metal i ons from compl esx Imikxet ucrhe st.o sPaonl,y swahci cchha rci
hydroxyl groups, have been widely used for the
ability to bind metal ions | i ke (€adzZzh®&b)etca
2023)

1.7.3 Polysaccharides in Functionalization

Polysaccharides are natur al bi opol ymers that
i on removalbidudke droad dheixliictiyt,y , ncannd abil ity to
i ons. Chitosan, derived from chitin, is one o
met al adsorption. The amino groups present or
met al suohsas copper, cadmi um, and | ead, maki n
removal. Functionali-bimdiobi boosmol wctthesnetalec

proteins, can further enhance its adsorption
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Chitdbdseaaed adsorbents functionalized with biomol
high adsorption efficiency for various metal s,
mercury (Hg), and chromium (Cr). Theagefwhctiona
high selectivity, enabling the removal of specif
even in the presencebDofHwarmgeretcoalt.ami 2a@dQ)s

1.7.4 Mechanisms of Metal -Biomolecule Interactions

The interaction between met al ions and biomol e
primarily governed by sever al mechani s ms, i nc
i nteractions, compl exation, aneglchaoaosdsnadli loow
bi omoHanwlta onal i zed adsorbents to selectively [

contaminat dhuoleatijadons 2023)

1.7.5 Applications of Biomolecule -Functionalized Adsorbents in
Metal Removal

Recovery of Valuabl e Metal s: Isn, abdidoimoiloenc utl @
functionalized adsorbents have been used for the
silver, and platinum, from electronic waste anc
provide a selective and effirmimnendompdamxs nmifxtuee
(Gonzalez Fernandez et al ., 2025)

(
:
Fi g8&mBé oreceptors as .the key component ¢
Adapted from (X. Wang et al ., 2024), Cell Rep. P

4. 0.
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hemica
group

»—R N ‘/
<:N-o = = rjﬁ
% v AA = target amino acids
Traditional Photoredox Electrochemical Chemical group = fluorescent,
Modification Modification Modification b'o‘t'n_. hapter'1§, na.r;opamctI:s,
proteins, nucleic acids or other
BWelldeveloped @Visibleight-driven @Well biocompatibility biomolecules.
@User-friendly @Mild conditions @Environmental friendly

@have been applied for
in vivo tests
®Substrate-limitation

@Good biocompatibility | @Rapid reactions
®Long reactiontimes | ®Rare reports

FigOiSéngle el edbtasend prapnsfded protein bioconj i

driven by bi ocompRaetciebnlte beinoecrognyj uignaptuiton str at e
(Weng et .al , 2020)
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1.8 Bioinspired and Biomimetic Adsorbents

1.8.1 Bioinspired Adsorbents: Design and Mechanisms

Boinspired adsorbents are materials designed b

and mechani sms of biological organi sms that eff
their environment. Nature has evolvemowabhly spe
which can be applied to environment al remedi ati c
the most famous examples is the |l otus | eaf, whi
due to its-amdgma&manctuoed surfacwatafl awdndirt
effectively. The design of Dbioinspired adsorbent
or features that enhance their interaction with
t oxmect 8a Xs Zhang et al ., 2022)

The fundament al principle behind bioinspired act
for contaminants, such as metal s aanld coerlgla nwacl Ipso |
contain a variety of functional groups that can
(Pb), and copper (Cu). Chitosan, a natural polym
has al so been studied as a bgirooiunpssp i rwehd cnha treeraida Il
with mensl nhree ent bi ol ogical i nteractions, such
el ectrostatic interactions, are key mechani sms
bi oinspired adsorbents.

Bi oinspired materials can also involve mimick
enhance the binding of contaminants. Al gae, for
through the secretion of extracellulbactpohgmeric
groups that form strong compl exes -pwiotdhucmentga l e
mechani sm of algae, synthetic adsorbents can be
to enhance metal ion binding. Thedes matcéer iaadl ©i alh
bi odegradability and sustainability;temwmich ar ¢
environment ast r 2thedd ikéhdail @dnm ).et al ., 2024

1.8.2 Biomimetic Adsorbents: Integration of Biological and
Synthetic Components

Bi omi metic adsorbents extend the concept of b

synthetic el ements with biological components tc
adsorntbe These materials often combine the high
nanomaterials with the selective functionality
that mi mic biological processes while incorporat
bimo metic adsor btenmned cfamr bepddinfei ¢ applications,
ion removal or organ(i@u peotl lault.a,nt2 0d2e4g)r adati on

Anot her approach to biomimetic adsorption invo

with synthetic adsorbents to mimic the specific
poll uAphamers, whichsaranddodr DNAsongR&8A mol ecul
engineered to bind with high affinity and specif
(As) and)(l2adCHermh et Tahle.s,e 2b0ilo8mMol ecaitl eds , i mwthen i n
synthetic adsorbent systems, create highly s e
conventional materials by selectively targeting
substances unaffected.
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1.8.3 Functionalization of Nanomaterials for Enhanced Adsor ption

The functionalizati on of nanomaterial s i S
per fomecena of bi oinspired and biomi metic adsorb
advantages over bul k materials, including inc
tunable surface properties. Functionallied ng n:;
or chemical groups enhances their adsorption

organic contamfiTnamt £t. al .dye&®d25)
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1.9 Nanobiosensors for MeHg Detection

1.9.1 Bio Inspired Nanobiosensors for MeHg D etection

Mercury exists in various chemica)l, fMerrnecsuriincc!| u
|l on 2y et hyl mercury (MeHg), HDPChet iMelrmairyurSul (f C H
(HgsS) and Et hHHHgner AAumoywg( @ he s e, MeHg iis the mos
significant risk to both the environment and hun
as nanomolalrs.. . nMM)i 4d evwoncentration threshold is r
by two orders of magnitude from any other mercur
MeHg has the tendency for biomagnification withi

in orgamd smssulting in neurological disorders, e
Chen, Li, and Chen 2014) . Wild piscivorous fish
hi ghest trophic | evel, are at risk for elevated
dutto bi omagnification through the food chain. 1|1:
to developing fetuses and young children, maki n
critical for public health. Monigesgdinmgg MexXHmo 4 erve
ri sks and ensuring food safety standards. Regul
detection t o gui de consumpti on advisories anec
Consequently, the demand for meti cuHgpuwi,thsensi:'t
precision has surged, especially in the context
Bi osensors for detecting methyl mercury (MeHg) in
including rapid detection and highr aeamseiltivity
detection. These-tidmei mesi eomabheg, rpabdbviding i mme
MeHg | evel s, essenti al for ensuring food safety
women and fetwddectTheinressostnrdpepot ermati ah,f esperi
in industries such as aquaculture and agricultur
Additionally, i ntegration with smartphone technc¢
use, i mproving over @RAhc hNadrdoncsealf eetty aplr.o,t 02002 4s; Ma
2024; Scheuhammer et al ., 2007)

Current conventional met hods for MeHg detectio

fluorescence s)hpewitrtrlomeorg (A&Ss and aut omated s
vapour atomic fluorescence spectrometry (CVAFS).

conversion of MeHg into volatile ethyl mercury th
After this cbovmssbbnmeabbkbyly are purged using ni
on Tenax col umns. After desorption at an el evat

empl oyed to identify al-pylrtolheriesmpkenmpetndad . po
Leopol d et Sdgade208 9TyBhling mM@éOt0Ogd currently stan

sensitive for Me Hg , with an impressively | ow |
However, it necessitates the | aborious task of S
| aboras orwhi ch-coasuimiendg i aendt ernessiovuer.cel n additi on
coll ection chabhsadeMeHbameaastubpement entails the
from complex matrices, including organisms and
aae crucial, and tailored to the physicochemical
simple samples I|ike water require meticulous pr.
before the addition of sodium t et rnateot hvyol |l abtoirlaet e
ethyl mercury.

Al though the necessary steps to obtain MeHg |
compl exes cannot be omitted, the specific prepar
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simplified, resulting in raped daesage, f Eweens
used instead of wusing expensive | aboratory eq
measurement of MeHg in the environment are of
data that wild.l preci seltyhwaap itnhge trooxu tce st yo fr eMec
nutrient cycle and to enable us to determine ¢
relevant information about the biomagnificati
environment al Cc o npdriotcieosnsse.s Soifn crae tthhyel at i on anc
continuous, the onsite measur ement wi || gi ve

spatially dependant di stribution when foll owe
|l aboratory measvesmkbnssonhywy fgowea | imited num
Among the several devel oped pl atfor ms, bio
( MeHg) in food samples offer several advant a
sensitivity, maki nglwtehermded fefce ¢ toinve Thatd Stamealee i c
monitoring, providing immediate feedback on

safety in vulnerable popul ations leifkecgriegmers
and potentsiidle faqgorml|, o ceastpeci ally i n industries
agriculture, make them suitable for wi despr
smartphone technology allows for automation ar
protocol s. Miesr oofflfueirdihci gdhe vsiensi ti vity and acc
expertise. Lat er alb afsleocdw aassssaayyss pamodv ipdeepemoder at
wi t h ease of use but | ess accthraseyd isrengom@s
electrochlemisgalangempti cal bi osensors achieve

the | atter two beinfrhegdl-yi meemoeiat anidngser

Al though sensors for mélgSupoin@oiabr Mlancuar e ¢

been devetl oMeldg gmrssor s roecnoan cne patt s thaeg @ r(olo.f Ch
Chen 2014). To advance t hewedecvaetleogpommei nzte do fe xMesH
into six majereltly hbd 0:s eWhlswlres ( WCB9 mamidrhmwcnid st r i
pr otbaes ¢ 8 MP) sens-OrganiMet Bt amewor k ( MOF) sens
( NPBased sensor s, and Nanoarchitectonics sen
provides insights and strategies for advanci |
chemi cal , hamadl ongaincoatle cappr oaches. A critical b
MeHg sensors i s -itrhtee gireaetde o oy sat eme Itlhat 1 ncl ud
specificity for Me Hg , efficient signal trans
capabhewohgsrealtime high quality data. Addre
creating effective and reliable MeHg sensing

El ectrochemical transducer s, for exampl e, {
concentrations acrbak da(vTer sktsagnhge uT.o,iYymen &. H
2021)1 n enzymaticeleenso@ochemical transduction
capitalizing on the enzymatic conver sChem aft M
, 201Bimmunosensor s, on the other hand, ut il i ze
often integrate surface pl asmon rteisnoen adnectee c(tS Po
(Rantala et al., 2011)

For efficient MeHg sensor s, prioritise the
bi orecoon el ements with high specificity for
selective aptamers/ antibodies. Optimize sign
i mprove accuracy and interpret ctoimmpd exaldialraa tei
and adaptive systems to maintain sensor per |
conditions. Focus on increasing sensitivity t
reducing response times for rapid, rel, abl e 1
cosffectiveness, and scalability, and validat
testing and adherence to regulatory standards
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From
xtremel
ependent or chronic expostsrteandTahrids | naabkoersa teovreyn nte

a

bi ol ogical
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point of view, MeHg detecti o
ahr xtaiucres ,bi deé ogi cal- ampl i fi

ot sensitive enough, as MeHg concentrations are
n contr agtwhtee bhel ogi cal response-dependenhb sho
ffects in living cells, the biological i mpact o
rgani sms at hi gher trophic | evel s, which is th
nvirbamematrices from the concentrations in or
nd fish, respectively, by more than five orders
Future developments wild/l focus on refining the
nt o-woeht moni toring systems, further enhanci
nvironment al protection effPBirddD@agai nst mercury
Whole-cell biosensors
o P
e .-
N N
C
N
..... 0 o o v
MeHg sensors 0
? of Analyle >
Small molecule probe ’—\- Immunostrip
Biocomponent —\“
Nanoparticles
Metal Organic Framework
Nanoarchitectonics
FigabDlelustrates a range of detectiaon techniaqu
ncluding small moélklcubieopendbess WWGBE,- i mmunost
rganic frameworks (MOFbasedndensopbparcliheeceahni
ighlilgyéat €sore components of currently known Me
rrtr acti on bet ween t he anal yte and t he recogni
ransduction. These diverse approaches showcase
ith advanced material s, significantly enhancin
ecbgolkesadapted fromMadbaept KRajfremal ., 2025)

1.9.2 Whole -cell Biosensors (WCB)
Thi

S

ai
of
b i

t

type of sensor is especially important [
l able fraction of mercury. Howee er , t he
the cell and environmental conditions an
oavailable fraction from the | ow sensiti\
he repertoire of the nheegted fgeern eisn tirso deucpia
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and should be the concept of bi oavailability
chemical |l aboratory based tool s wi t h (ii) t
bi oaccumul ation and (iii) resuBtenefroasmagt al
relevant hosts, similar as it was shown by usi
but it should be utilized many different host
cycle or foodchain transformations.

Mor eover, t heet eWB nceant hde | ev el of MeHg in th
to the standardi zed approaches therefore mini
much eaaxsii€eivglddebut still in most cases the sa
conditions since there are not many attempts
it should be f ugeadhfesrt advOdBdblIpepaetdf oarsm bear i ng al
shobldbiol ogically safe not deploying genetic
The miniaturisation and porsablkeaphaybcosmmoae
but this is facing many challenges samplas pr
such as in microreactors since small designs
i mmobilized <cells for mont hly operations as
advances in cell encapsulcaelilonsy sntieemspe& ttedi a
enhance, on one hand the stability and reprod:!
of the environmentally relevant informati on.
environment must be f-04& bar ti dypmtanfi ice da pypgiomgE hets
utilizing advanced culturomics to be able to
available for introducing genetic components
transforming them into WCB.

The WCB often migemtethavetladbweérn ty which hamg
over time and calls for either approach to re
monitoring sensitiaswiittieegxably bampgn omr.i ate on

Al t hough various factorsteaesiucd WeuUlcd mphexad s ®

of MeHg and the addirteidainh eo fMehHugmiucp taackied wciatnh i n
do not know the precise mechanisms that are a
us not only as a sensore pkleayt feonrvm rbount mean tseol Ityo rd
of MeHg bioavailability. Therefore, further ac
clarifies the meaning and applicability of th
ri sk assessment .ndNCBi camrs dDiemsitl arn tcoo their nat
temperatur e, i ncubation ti me, medi um type, pH
performance of the biosensors that can only
testing. Empl oyilngnadpantdadi ce techniques to
optimizing gr owt h conditions t o ensur e cel l
perfor mance.

Since WCB are also prone to the high backgro
be very i mportant t o incorporate t he currer
autocorrelative mat hemati cal model s to better
oo environmentally introduced noises resulting

t hese factor s, WCBs can become more reliabl e,
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detection, standing out as the onlwymdrytpael lof sen
relevant dat a.

(A) Rewiring Elggineering & Diagnostics Drug discovery
sensing of interest epurposing :

=
@”@f

control

Bacteria with Modularized o
sensing of interest synthetic receptor platform Applications
(B) Xbal gy
BamHI . \
\. merB
Y \ luxC
merRopI” \

EcoRI \

luxD

all X
uxB
luxE
ApR
En®
Figade) Il lustration for geneticall.y

into surrogate hosts for the developm
used for multiple applmocdatfiiocna.t i m)n Difa gP
mer B .gene

1.9.3 Immunostrip Based MeHg D etection

| mmunostrips colourimetric detection platform

l imitations, especially for -stpreaccidiilcgwe lms. cTlhesy ¢
reactivity with other metal 1ions that can affect
ti me, affecting the stability of i mmobilized b
enzymes) . Though the platformsybrépgeddamcdtagsets
effectiveness, ma k i nige | tdh edne t sewcitti aobnl ep | fadt rf oams , t h
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|l ower sensitivity compared with other methods
l'imited ability to distingRrismcifprlioem ioltlhuesrt r g
i mmunochromatographic strip assFaygudfRoer MeHg de
Empl oyi ngpdeiHgi ¢ anti bodi ens iimproorejdu metpioarn ew
could provide enhanced solutions for future M
MeHg with mesoporous materials or AuNPs cou

Additionall vy, |l everaging adv&hasdoheRkesiogaese
or SuBEnfhmacreced Raman Spectroscopy (SERS) coul d
l' i mits several orders of magnitude | ower.

The sensitivity of i mmunostrips can be enhar
the conjugadteelpadtsi mgh bi omol ecul es with high
approach to improve platform sensitivity invo
pi xel detection of gold nanoparticlseamtpé £t [

comparisc®nt hiS$ npl at f orgmaing i usd¢fi wle iamadegmii s an
rapid onsite cGyes® and caNow® type detection of

? antibody-colloidal gold conjugate

Y goatanti-mouse IgG Negative sample Test line  Contral line

Anti-methylmercury antibody 2F8

' — 2 <> /
@ CH,Hg-MNA-OVA  methvimercory / - J ? E — & < / J
J | > - /
/ : ) >4 P

Positive sample NC membrane Absorbance pad

Vs — (S0 K o

|
Sample pad

Figaelelustration of the i mmunochromat.ogr aphi

Adapt ed Marboeem Raj et al ., 2025).

1.9.4 Small Molecule Probe (SMP) Detection Platforms

SMP are extensively wutilized in wvarious se
selectively interact with the specific analyt
of theastSMR ze fluorescence probes which exhibi
more sophisticated pl atf or ms -blaiskeed isnynsutneonass.s a

platforms also have | imited stability with p
specndesmeaet al i ons, and dtiifrhe cdidttegctiinomcihn evo mg
Though the SMP i s designeadafcdrn vidlye avtiit \he sa mallcy
mol ecul es or ions can occur . The purnodbeers hoafrtsehn
environment al conditions (eg. uv | ight, and

tailored for single analyte detection, making
target analytes. SMPs of ten requiarda i tpir@mals €
i nstrumentation for effective detection, such
Some SMPs may i nvol ve t he use of organic S
environmentally friendly. A c¢hemodpoostiemettiearl wao
mercury detecti on; howeserappti catiloms teudet Do
an irreversible reaction mechani sm.

Among the fluoreandemtr e 8 MPOND Rema)6 5r obes have
advantages over act rerdupgdhdhlaphovwcldue t o t he |
excitation required. As describeghbyombefkP)et
excitation has been predominantly wused in NI
decades, ther e hsaviempbreoevne mernetnse nidnout he SMP i n t
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sensingi madi bgo As described in Chapter 4 and Ta

tuqom probe strategy for dual mode detection of m
was a shorttemmefigtieo) i oonompared with availabl e al
SMP can measure MeHg in the seawater matrix and
and probes combining these modalities can be de
detection i nbisreatwartieal. fClounor escence techniques h
the issue of interference and sensitivity for Me

di smantled to push forward the devel opment of e
seawater ofi rohment &in matrices -bfWnwaemtd. Gehneeradr r e
scheme for recent advRingceEe in SMP is shown in

Future directionfumcttihenaliinzi ndg WIMPIE nanomater.i
into a hybrid platform combined with biological

would be an option to increase the sensitivity
i mproved envi r oanmte nrtead u-csetdacbtirleistsyy t hr ough advanc.
synthesis techniqgues. Enhancing the chemical s p
advanced signal processing methods can also i mp
SMPs bi osensovres frnoor eMeeHgf edcettiect i on in diverse ap|]
(A) Forster Resonance Energy Transfer (FRET) (B)
N\
Analyte Os N0
B=D = 0)—
\\0" M—
Intramolecular Charge Transfer (ICT) \,(\\\ ’;7/, ’
x O 00 1"/

Ao
Analyte N 3 AN Y.
0O_N_0 low-fluorescence

Photoinduced Electron Transfer (PeT)

0Oy N_O

H,0,, Cu*', Ag*, etc. |
/—\ ﬂ(-\ ) i ,0, g
O:@ - O:©
N O~
non-fluorescence high-fluorescence

Excited State Intramolecular Proton Transfer (ESIPT)
H (©)

Aggregation Induced Emission (AIE)

Hg CHy

+=<
Ao © @ e oo cHHgal
38+ 08 b

Probe 1

o 04 08 12 1.6 20

| cquiv__ equiv_ equiy_equiv_ equiv__ equiv

A little Fluorescence Enhanced red-emission 04

FONO SO NS O S S S®
SRS PSS TS EETSNES
<

FigaBeeneral scheme for recent advances

b) Reaction mechanism of probe 1 for mercury ¢
schematic represent adg i ofn prfolhé el stemwed rndys pHgpZX+ san
tuom typeFAUEesaderpnt mAdepuéed™Mapembd&a .et al ., 2
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1.9.5 Metal Organic Framework (MOF)

MOFs can sufdppeaciffrioon sndsnor pti on, | eading to
ions and compounds which restricts its |imite
structure whtahgeaet | @awasl| wtoes t o occepyfbrcntdynt
MeHg detection. Mor eover, they encounter <chal
degradation under varying environment al condi
functionalization processes, ancddo mpu £xe psta nop |l
matrices. The |l ack of sensitivity is a genera
MeHg as wel |l as other analytes. MOFs often de

their-l mgaald bonds which are mrgorma att o ohny drAo Icys
and fiomsuming synthesis process might hinder

controlled pore size, structure and functi oneé
Scheme for the prepar atHiognddef a MOF is depict
Most of the MOFs developed in the past are n
of their excell ent adsorption capaaxviet i Bsen Ve
explored to déabt el sHKOURTaM0 IMBF and B8l adsi daft aZl E
in Chapted 5, MOFs have been used in differen
the MOFs offers sensitivity for tlhiec adteetdecdn
sophisticated nanoparticle thin fil ms of t en
commerciali zati on. The research should focus
with i mproved chemical and mechafndircatli admualaibz 4 ti
protocols to ensure reproducibilit-yraadmertic
techniques to reduce matrix effects. MOFs ¢
functional groups, or structvurngl frmodiMeiHgat iConr
MOFs with advanced nanomaterials such as gr a
MXene along with signal amplification strateg
and facilitates optical andhoadsdg ecttrheacredmi can |
performance through i mproved sensitivity and

specific ligands, functional groupsfaedt sheu
sensors with improved st asbkei leintvyi raomdnewnd rad a tainldi
applications, thus expanding their practical

Functionalized MOFs with specific sensing m
target MeHg and would help reacboanl]l owertbBenbeis
our knowledge there ar es mecirfeipordappt aome russ i tnlga ta

l ink MOFs to build architectures that can s
approach and integration of M@Wikelsriad ! awt & he
performance biosensing and the controlled synt
hydrophobic | inkers ;ssymdthelti ¢l unmotdarfs,cadin opest
environment al conditions. | n(tee.gg .a,t eg AMOdF sn awi a ph
carbon dots) or empl oy advanced detection te
detection signaftecFoeceas ®ooakablte synthesis m

assisted or mechanochemi carleadpuoa.c h@esmb it me pMG
ot her materials, such as polymers or biodegra
that I mprove selectivity, durability, and det
pl atfor ms.



38 Chapter 1. Introduction

Metal ions or clusters Organic linkers Metal-organic framework

Fi gad®cehme for the preparation of a MOF

Di fferent met al i ons or clusters ar e mi xed t
convenient solvent. Over the past few decades, 0
i n the nnMQFapstuebds Marnonsa RapS5t al ., 20

1.9.6 Nanoparticles (NPs)

Nanoparticles such as AuNPs, car bon dot s, S|
Nanoparticles (MNPs), Carbon Nanotubes (CNTs), {
put forth for miniaturizing bi osiemmpsrionvge ptlhaet f or
understanding of various properties I|ike optical
which would pave the-sweaysifhgr( sMatbheiesm®Rag e.eitn abi.aq 2
However, some dr awhbeakd i sutHh amgetoee odle i ons or
compounds, reducing their specificity towards Me
focus since these are the main factors | imitini
probably the result of uns pecsurifcacbei nldii ghagn dtso whu
interact with a range of analytes |l eading to fa
various research fields and their potenti al rel e
harm and health ribaked owpgisch addg met abi odegr ada
accumul ate in organisms. NPs possess |l ow stabild.i
in complex matrices |ike biological fluids or w;
i s mainly becausenio¢ shmaegeshi or pHheipresence of
and scalability are the biggest challenges for
which can be expensive in maintaining the preci
effective detection.

NPs ntegrated with fluorescence, colorimetry,
i mprove the sensitivity of MeHg detection. NPs
DDTC, Lysozyme, t hymine, HEPPSO and DAOC di spl
sensitivitiygtowhrdsi Memainly because of the sel
which interact with MeHg to form a special comp
promi sing and can able to detect MeHg at a trace
| arsgceal dhesy B¢ compl ex functionalization process
conditions. Attention has been madebatsewar ds t |
conjugated NPs sensing platforms for the sel ec
approachcosnmit ngneand | aborious in the producti on
MeHg is dEpgeébedAdaptemMabes mRaj .et al ., 2025)

To the best of our knowledge, bioconjugated NPs
as aptamers, antibodies or moleguweaflftl ymi mpmi seed

reactivity, but should be further evalwuated in
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direction of t
or hwdgoplgabi onc
ar e required t o be

Bi odegradabl e NPs with |l ess toxic
risks. Research directioms iamdt IC&NTEI
increase the transduction

based on a greener approach
cost of the NPs fori gnhae
by t integrating NPs with
wi || ance the performance of the
to t ltrationheffhect suof aMOFsar ea
i ntr mo rtem diir di(eMea bseisg nRaalj .et al . ,

©), 2 ¢

\,S\ Vr e X u’%ﬁ;@\
Centrifuge WM

¥ 77" ¥ );‘%51

== W

 DNAstrand 98 CH Hg'

(F)

t he
PEG

research in
pol ymers such as
compl ex matric

Mor e

(pl ant

) (B

~

,,,,,,,,,, NaBH,
_

Y

@ Hg

>
notarget <ru. £~
e

NaBH; ~

- )

) LY
-
NaBH: ‘vﬁ%ﬁ

% A @ Ho P cHig'

& Ag/Hg amalgam \  /\ P

y AgNP
Hooc- (NGp N -coon

He(m) FAM-DNA

Figabommonly used nanomateri als

rDisametser
for Hg

fabri
col ori metr.i

on withh;t hBi
C sensing strategy

cati

he

devel
for mul
avio d |
sensietfifwictty vandyade:
based
deemipelcitfiiocna toifo nMentigg h tS
SERS platfor ms.
sensors

Y 1]

39

stabili
aadi deggt
ope
on:

r e

ati
df
or bi
Co
a |
for att
2025)

~

in var.i

L:b)-Blalgkdstr a

Speci es

surface of AuNPsc) MeHg sens

mechanism. ¢c¢)

i ng

representation
presence of

of
Me Hg .

t hehenethaoiresmcéemov® | gednd mi n
e) Schematic illustration f

a dlyebelreidc hT DNADNAHAM For mati on of

AgNPs

or A (

FAMDNA templ at e

guenches

tilses i BAM

f heorpagscsemace

suppresses

f ormati on

of t he

of t h
et al

Schematic il lustration
and C2HS5MANgapt edabe ® mRaj

met al
e experiment al
, 2025)

nanostructu
pr

1.9.7 Nanoarchitectonics
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techniques and resources. Very few studies have

i owbBth high sensitivity usingttihyend nmomaolt@ayearcds.i o

sensors failed to distinguish between inorganic

applicability and reduced selectivityiohsthe se

Basic concept, and detection met hFoidgst (oef nanoar ch
(A) Nanoarchitectonics | (B) e S
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Copyright (2019) Beilstein Journal of Nanotech
nanoarchitectmhidBn odoadBNsAemabl y as well as the c¢
structures. c) Chi?topSchcearhats een srienpdr emsfé mélgd i on o
di spl acement of BNAn f2 ma ssheembBINNVAnvi a -DFNoA mati on o
dupl eHgdTd]T n aansdeles edf BNA 1D tapes. d) Conductonm
MeHg. Schematic representation of -dMelHg ddeevtieccet i on
response before and after the addition of diff el

mM) AdaptedMabes mRapset al ., 20

The Isaragee producti on -bafs erda reeanrsmirist eacittchnicconsi s
remains challenging. This is mainly because s ma
processes can |l ead to significanitcatromatmeinisodn
wi || scale up the production such as microwave
streamline the sensor production. One of the mai
the structur al stability, whi gh apdaire nlee demh aarad é o/
MOFs and polymer <coating. Pl asmonic signals of |
pl asmonic nanostructures (e.g., gol d or silver)
boosting optical detectiont usreenss u p poeatryssi t iyihgh r

functionalization with selective agemntcd ilvikeg .apt
MOF groemcentration of analytes and reduced inter:]

their scaffolditegp cempamlhé amulotni f or superior dete
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For efficient MeHg sensor s, prioritise the
bi orecognition elements with high specificity
selective aptamer sdiagma lb opdri cecse s sGpng nmiszieng adyv
i mprove accuracy and interpret ctoimpd exa ldialraa tei
and adaptive systems to maintain sensor per |
conditions. Focusiontyntoedeitergt séosver concer
reducing response times for rapid, reliabl e 1
cosffectiveness, and scalability, and validat
testing and aqulhetremy esttandaeaer ds.

Based on -gaitneerdatkumroewl edge and on our experie
key steps that should be specifically foll owe
Interdisciplinarity: Devel omi nbgetavesenamnmal yt
hemi st s, materi al scientists, physicists, an
i ol ogistsup Appoeadom is needed, beginning
nteractions of the MeHg wittlatt hdhes anlod etcard ag e
Matrix Consideration: The sensor deve.l@p.p,ment
i sh tissue, ocean water), as -ttrhd st ndeentte,r ng mtees
nterfer gmpoens almi nant s ,miexatlrsac,t ieoxrmp ecchteed concet
nd physicochemical conditions such as ionic
Rel evance: Sensor relevance must be evaluate
y the intenduwthetabeti ceabhbomiaval | &birleiltayt)e,d, he
esearicéint at ed, or commerci al . The sensor's d
Detection Modal ities: The sensor shoul d b
guantitatigwalnyt idrat s emil yv),, aconprouladt icohna,n gers mw
nfor matgmoinrgcel |l ul ar accumul ation). The speci
ensor's intended purpose.

Coupling Sensing El ement with Transducer: Th
l ectrical ,betconsimder @ds iag noanlg rwattiho ,nosiisgenal r
inearity. These factors impact signal -ampl i fi
rocessing steps.

The recent surge in artificntailali nadeJvdnagemeaeret
arious research domai ns. To dat e, mo s t of t h
esigned based either on the known properties
hat preferentially intemraby-atnedrbhlbvaekpesi Hgi
urrently, artificial intelligence tools offe
nd manufacturing, which <can accelerate the
ensitivity and espetowhtgsi MeHgasEdr sbéembi g
xXperiences working on WCBs and detecting ver
ften prone -tt®i gnhli ghatnboseHowever, adopting r
oul d hel p refinenodetfe@ern i gomantpiotsatiibveg measur
ppropriately for gualitative informati on. '
ontaminated sampl es, ensuring reliable detec
atrix effects.

In conclusion, given the complexities discus
functions across all matrices while providing
Therefore, wor k -sfpeecudad ocrenmatrisi X csc unreactees sair oy
meaningful oMeHg detecti
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Chapter 2

Aim and Hypothesis

2.1 Aim

This research aspires to contribute not onl
but al seworddraalplications in envieradnrhentand
regulatory policy. The outcomes support the t

future by ehabbi mgtalosedovery and safer envi
Specaifmsc:

1.To synthesi ze and chduactéeoinaeé aanorhataeryi
NH@Si,Or-FeO @NH r-FeO @S i up H, and O@& FuW H) tail ored f
selective adsorption of toxic and strategic m
2. To evaluate the adsorption capacity and s
variousi omet,ali nc,] u#@b dCr PBiy2?and, Tbnder environme
el evant conditions.

3. To optimize the desorption process for ef
nanomaterials and adsotrebrend pneertfadasowetndcess darinivdren el sc
4. To assess the cytotoxicity and nanotoxi ci

-

vitrdbaseldl assays (human and murine |ines) and

5. To engineer a biosensor systemanmnopegtriatl e@s
for the specsignscitave wlltecarochemical detect
environmental sampl es.

6.To enhance t he bi osensor's performance t

trategies (MRA, INhAerHdi)s anaontdienvalsyatsel eaet d
tability.

nw n
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2.2 Hypothesis

I n natur al systems, toxic metals are -often seq
rich amino and thiol groups. Met all oproteins (
carbonic amhiy-thmbve eleliagrht | i gands (e.g., glutathi
utilize nitrogen and sul fur donor atoms to regu
mi crobi al cel | -cwoanltlasi nriincgh pionl yaatmeirnso act as bi osor
|l nsgi rbey t hese evol ved bi ol ogical mechani s ms,
nanoparticles functionalized with amino groups

met-lailndi ng systems, exhibiting high selectivity
ions.

The increasing burden of toxic met al pol |l uti
ur bani zation, calls for advanced remediation t e
environmentally saf e. Thi s di ssemcat oomml iymot
nandama i al s, particularly those based on silica

detoxi fication strategies to sel eaxstuicvhelagys dmad ef f
PB, 3Gr Dy andnfTrbom aqueous solutions.

This affinity Gewidsnphgspel eheery and the Hard an
and Bases (HSAB) theory, whé&rbea diefwigsonesd alandns (
preferentially bind tuhH sodptH PYewiups basFeancti kreal
nanoparticl es@%sQuacnhd-Fe@ @NMHar e expected to form

coordination complexes through chel ation, enabl e
and the high surface reactivity and porosity of
Additionally, nanot oxsiacfiettyy aanrde ecnevnitrroanl metnd at hi
While functionalization is expected to i mprove
uncoated or reactive nanomaterials may still ind

or generating toxiuali approaldr wi bt epbeataken: (i)
binding efficacy, and (ii) tdoexriicvod do gancda | murrionfe |d
and in vivo (zebrafish embryos), to determine bi

Finally,f trhagruestei coal ly separable nanomaterials
recovery and reuse, aligning the remediation ap
Through Dbioinspired functionalization, control | e
eval uathien,study hypotfhersdtziesn atlhiazte damiannoopar t i cl e
sustainabl e, sel ective, and reusable platform fo
water s.

I n a parallel approach, this researcdain extends
enzybmesed biorecognition system targeting MeHg,
mercury due to its strong neurotoxicity and bi
Despite its |l ow concentrations in envieonment al
risks, especially to pregnant women and young ct
|l i ke CVAF&F&nd wBC |l e highlyxosswnunsmi ngvy ayreamweyeEieme
and unsui tsaibtlee nficonri toonfr i ng. There | sedn ewrtgevret ne
sensors capable of rapid and selective MeHg det e

This dissertation apnosar gantohnaetr cMern Bl -l yase evo
resistant bacteri a, can serve as a highly speci
binds MeHg via conser vOeed acnyds5@ysneclreasviquest €y 6
mercury bond and fmermiurg ca i opadactoimpd eixs The cl
subsequently transferred to MerA for reducti on,
mechani sm that can be mimicked in a biosensing |
i mmobilizing MepmBi mtheddjudbs dsmgr demkers | i ke nitril
(NTA) -nmoerr captopr onwioni caldoiwd t he devel opment of
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f emt o-geael detection | imits, hi,ghlanglp @oit feind ii tayl
reuse through magnmnaeatcioc popam@aap amt. i cl
Furthermore, it is hypothesized that such a
conventional met hods in terms of portability,
wi t h el ectrochemical t hharsedluciertserdrmadd e st ma rst pah
facilitatme ree@al ronment al monitoring, particul
infrastructure i s l acking. Ulti mately, t his
application of functionabaged naoogemivwirlola |lseyaad
to advanced tools for both remediation and de
These innovations are expected to significant

health risks, and provide a dmntuumdlatgi®ahi®lro su
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Chapter 3

Publications and Patent

3.1 Publications 1

Summary of Publication 1: With the continued
of wat ers rbeys otuarxciec met al 3, sabhomfmsurhaef@dr idrbcur
( H9 has become a pressing gl obal concern. Th
bi odegradability, and tendency to accumul at e
both ecosystems and human health. Developing
friendly adsorbent materials for the selectiyv
priority in the field of water treatment. Thi :
synthesi s, and (agiplliiaca)t i par-toifa ISP ad moda eadlmiSd B\ s
for the reémogualandf iR from aqueous solutions.

At the core of the rusedameh hied {talhd Wwusdhde do ft etchh
for fabri-basedgmatkercal s with hodrmtgrygl laendd psourr
chemi stry. The authors succeagftuilcll ye ssSyanmdtdh eAsrii z
particl es, t he -maaditfeire do ewintgh saumifraccper opyl tri et
i ntroduce ufHigqaorcaupsn.al Thi s moeidf it oati impm oive dda®i
affinity toward met al ions through enhanced e
and potenti al chel ation mechani sms.

Comprehensive material characterization is ¢

Transf oremd ISmpfercarr oscopy (FTIR) to confirm sur
El ectron Microscopy (SEM) to anggklmmedg epbheticl
( BET) analysis for surface area determinatio
eval uate ciolliltoyi deand s¢wrbf ace charge behavior.

ami-honctionalization increases both the surfa
ion capture.

The article's strength |lies in its camparat:.
conducted to assess the adsorption performanc
particles under varying conditions of pH, cont

temperature. The r es+bli tPsarsthiocw etsh @stit gbndireff i donamntiol ayr
Si O particul arl?and? Hewloiviiimgs hPdow st ronger i nt.
amine groups. Optimal adsorption occurs at sl
with the chemi-siggnofi hher metabns.

Ki netoidcel mng reveals that t he adseoocmmrndeeoem pr
model , suggesting chemi sorption as t he dom
demonstrate that the adsorption behavior al i
i ndicating mopntoiloany econ aalsbomogeneous surface.
further support the spontaneity and feasibild.@
Gibbs free energy values observed across the
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|l mportantly, the study addryes sdhowiege AHdraat it hhre 3
Si@Qarticles maintain a high percentage of their

of desorptadmnmorgpnd oneg whi ch i s crieftect if e su
application.

From an applicatiomk smakhepoantcomphbl bBi wgp case |
functionalized silica nanoparticles i n environr
efficient, and scalable approach to remove har mf

The ease of syntheleéemisttrunabdrd sauarf@aece perfor ma
Ami o @articles attractworel & amals tdeaw aetse rf otrr e atarhe nt

I'n conclusion, this article adds meaningful [
adsorbents by demarmcset maotdiifdg caawosiurof silica can
met al ion uptake. 't bridges materi al science w
power f ul pl atform for mitigating toxic metal p
recyclable sorbent materials
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Abstract

Herein we present silica ($i0)) and amino-functionalized Si0, particles (NH @510 hased on the Siber method mvolving the
raction of hydmlysiE and condensation of alkoxide preqmrsors tersethocysilane (TEOQS), 3-  (mmethoxysilylpropyl)
diethylenetriamine (DETA) and (3-ammopropyl) timethoxy dlane (AFTMS) for specific and selective removal of heavy metal
ions such as Lead (P ), Chromium (Cr' ) and Mercury (Hg' ). The prepared 5i0; and NH, @ S0, particles wer: chameterized
by Fowder Infraeed Spectmscopy (FIIR) spoctmscopy, thermogravimetric analysis (TGA), speafic surface area (BET),
ranamission electron microscopy (TEM), zeta poential (L) measurements and poential Station measurements, We studied the
adsorption efficiency toward heavy metal ions (Ph*', Cr'' mnd Hg®') in model salt solutions, The adsorption process was
evaluaied in terms of adsorption efficiency, adsorption capacity, adsorption BEothams, kinetics and thermodynamic parameters
and desorption efficiency based on the result of the atvmic absarption spectoscopy (AAS) measurements for Ph™ and CF' jons
and inductively coupled plasma optical emission spectmmeter (BCP-0ES) measurments for Hg™ . The results showed the highest
adsorption efficiency and capacity for heavy metal ions (PR, Cr* and Hg™ ') by NH, @ 560, using APTMS. Furthermore, the
adsorption efficiency was 993 % for Pb**, 98.4 % in the case of Cr' ' jons and 8% for Hg™ . The adsorption process for P,
Cr'* and Hg'' ions using non-functionalized $i0z and NH:@ 510 particles follows pseudo-second-order kinetics and is best
described by the Langmuir adsorption model. The desorption results showed potential for reusng MH, @5}, particles with more
than 91 § % desorbed Pb™' jons using 0.1 M HCl and 100% desorbed Hg™" ions using 1.5 M CgHz0y.

Graphical abstract

Three alkoxide precumoms (tetracthoxysilme (TEQS), 3-(trimethoxysilylpropyl), diethylenetromine (DETA) and (3-
aminopropyl) trimethoxysilane (AFTMS)) were used in the one-pot synthesis of silica (5104 and ammno-functionalized Si0,
(NH,@5i10y) particles. The prepared adsorbent materials wene chamcterized and used for adsorption tests and desorption
toward heavy metals jons (Ph*°, Cf'" and Hg"* ). Adsorption efficiency, adsorption capacity, adsorption isotherms, kinetics
mnd thermodynamic pammeters were determined. Desorption efficiency was tested using 0.1 M HCL or 1.5M CyHe Oy
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Keywords Amino functionalized 5i() particles - Adsompton efficiency - Chromium - Lead - Meroury - Desorption

Highlights

AFIMS precumsor showed maximal adsorption efficiency .

1 Introduction

One of the greaest challenges wordwide, as desaribed in the
Eumpean Union (EL) Water Framework Dimective (Direc-
tive 2000/60VEC) [1], is to ensure suitable water/wastewater
quality due to its majpor impact on all aspects of human life,
including heatth, food, energy and economy 2, 3] The EU
Waer Fmmework Directive ( Directive 2000060/BC) aims to
draw the assessment of ecological status for surface waters,
defines water quality standands and specific pollutants,
including heavy metals, such as memury (Hg™*), cadmium
(Cd), lead (Pb""), arsenic (As) and chromium (Cr''), to
improve water'wastewater quality [4, 5]. Although the
implementation of the Dimctive varies from country to
country, the national legislations are usually sricer |6).
According to the Slovenian legislation (Dhrective 201339/
EU}—amending Directives 200006VEC and 2008/ 105/EC
a5 regands prionty substances in the field of water policy
[7. &), limit values for PE** varies from 10pg/L in Rules on
drinking water [9] and (0.5 mg/L. in Decree on the discharge
and treatment of urhan wastewater | 10], while for CF* from
S0pgl in Rules on drinking water [9] and (.5 mg/L in
Decree on the discharge and treatment of whan wastewatker
[10]. ‘The limit for Hg™* and its compounds is 0.07 pg/L in
Rules on drinking water [11].

e o their toxicities, inability to biodegmde and ten-
dency o bioaccumul ate, heavy metals must be detected and
efficiently removed from wastewater [12, 13). Different
techniques, such as liquid-liquid extmction [14], crystal-
lation [15], ion exchange [16], membmne processes [17]
and adsorption | 18], are used for the emoval of heavy metal
ions from agueous medium. Most of these techniques are
lmited by the solubility of metals, high-pressure opemtion,
expensive analytical instuments and mquirements for
qualified personnel [19]. Among these methods, adsomption
prevails by using different adsorbents, such as activated
carbon, chitosan [20], zeolites [21], polymerc materials,
clays and synthesized particles [22].

In order to improve different adsorption materials for
environmental applications |23], new materials, such as
functionalized 5i0); paticles [24] or magnetic particles
[25] with increased affinity, capacity and selectivity for

Silica ($10;) particles and amino-functionalized 5104 (NH; @ Si0:) particles were synthesized and chamcterzed.

Adsorption efficiency for Pb*°, O and Hg™' were 99.3%, 98 4%, and 88%, respectively.
Langmuir's adsomption model desaribes the knetics of psendo-second-order for the adsorption process.
Desorption of 91.8% and 100% were achieved for PP and Hg™* ions, respectively.

removal of specific pollutants wen: being developed [26].
Among those, 5104 (nano) patticles have dmwn attention
due to their high specific surface area, non-toxicity and
possibility of surface modification [27]. In the last decade,
the means of improving physical-chemical properties and
size, shape and porosity of 510, particles were imensively
studied [25-30).

Dvifferent ways have been adopted to develop S, par-
ticles, such as meverse micmemukion [31], flame synthesis
[32] and sol-gel method [33]. Synthesis via sol-gel is pre-
dominantly used becase of its simplicity, flexibility, low
costs, energy efficiency and ability to control the synthesis
conditions [34]. By varying meaction conditions, Stiber
synthesis can lead to the formation of a three-dimensional
gel network, or, in most cases, to monodisperse functional
510 particles with the potential to bind heavy metal ions
[35]. By wsing alkoxyde precursom, which differ in the
number of alkoxyde groups, the length of the aliphatic chain
and the types of functional groups (phenol, carbonyl,
hydmoxyl, amine, and ether), effident functionalization is
possible [36]. Precumors with the long aliphatic hydmo-
phobic chains with amino (-MNH;) functional groups at the
end have proven © be an effident matenial for heavy metal
ions hinding [37-39],

We performed a thomugh litermture meview on varous
adsorbent matedals for companng memoval efficiency and
adsorption capacity. Kofak et al performed adsorption
using mercaptopmopyl functionalized silica (5i(}k) nano-
particles towands different heavy metal jons (Zn°°, Pb*,
Hgl'. cdt*y [35]. Interestingly, they were many natural
adsorbents such as eggshells [40] md Moringa oleifera,
opis julifiora and peamt shell [41] for Ph"*, Peanut shell
[42] and iron (II-impregnated sorbent prepared from
sugarcane bagasse for Cr'' jons [43]. Su ot al. used acti-
vaed carbon modified with micro-sied goethite to study
the adsorption in Cr** ions [44). Also, a varety of adsor-
bents were tested for their mmoval effidency towands Hg™
paim shell [45], Gold nanoparticle-coated silica [46] and
activated carbon [47]. Surprsingly there ar not many
existing works of litemtun: on desomption studies.

S0 far, to our knowledge, no research using DETA and
APTMS precursor for functionalization of Si(}, patticles for

&1 Springer
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Fig 1 Smudwal fommuls of precursor etraethoxysbme (TEOS) @), 3-

{irmethax ysilypropyl) disthylenetrnamme (DETA) (b)) and (3-2ami-
napropyl) mimahoxysilme (APTMS) ()

the specific mmoval of Ph™*, Cr'* and Hg™® ions from
aqueous solutions have been reporied. The DET A precursor
contins two additional secondary amino (-NH) groups and
the primary amino group (-MH;) at the end of the aliphatic
chain compared to the APTMS precursor, which contains
only -MH; (Fig. 1).

This mescarch focused on synthesising  Si(),  and
NH28 5i(); adsorbent material wsing TEOS, DETA and
APTMS precursors. Prepared particles were chamaterized
using transmission electron micmscopy (TEM), Fourier
Infrared Spectroscopy (FTIR), themmogmavimetric analysis
(TGA), Specific Surface Arca Analysis (BET) and zota
potential () measurements in order to determine their sur-
face and morphological properties. Additonally, interac-
tions of the prepared paricles with Pb™, Cr'" and Hg™"
heavy metal ions were evaluated using Langmuir and
Freundlich adsorption isotherm models. Adsorption kinetics
using pscudo-first and pseudo-second kinetic models wem
studied, and thermodynamic pamameters of the adsorption
wene determined. Finally, the desomption efficiency was
imvestigated in order to evaluate the adsorbent reusability.

2 Materials and methods

For the preparation of the sol-gel partickes, tetracthoxysilane
(98%, TEOS, Sigma-Aldrich), 3+ mimethoxysilylpropyll die-
thylenetriamine (Y7 %, DETA, Sigma-Aldnich) and (3-amino-
propyl) mmethoxysilane (97%, APTMS, Sigma-Aldrich) as
akoxyde precursors wene used. Iso-propanol (99 8%, Sigma-
Aldrich) and ethanol (99.8%, Sigma-Aldrich) served as alco-
holic medium and  ammonium hydmoxide soluion  (25%
NH40H, Sigma-Aldrich) as an alkaline catalyst. The adsorp-
tion of heavy metal ions was tested using aqueous solutions of
lead () nitmie (%9%, b (NOy), Sigma-Aldrich) and chro-
mium ([} nitae nonahydrate (9%, CriNOyy - YH20,
Sigma-Aldrich), Meroury(Il nitrmie (99%), HgiNOy ) ( Sigma-
Aldrich). The desorpion efficiency of the bound ions was
tested using hydrochloric acid (37%, HCL, Sigma-Aldrich) and

&) Springer

citric acid (Y%, CgHg()y, Sigma-Aldrich). The solitions wene
prepared with ultrapure watker. All the chemicaks reagents wene
used as reocived.

2.1 Synthesis and surface functionalization of 5i0;
particles

The amorphous silica (Si()) particles wene  prepared
according to the Stéber method [36], based on the hydmo-
lysis and condensation of a TEQS precursor in the presence
of ammonia within an alcoholic solution. Synthesis of Si;
particles (non-functionalized and functionalized) was car-
ried out under the conditions presented in Table 1. In the
synthesis, Z-propanol distilled water and 2Z53% agqueous
ammonia solution as a catalyst was mixed in the reaction
vessel up to the pH value of 10. After that, an appropriate
amount of tetmethoxysilane (TEOS) and (3-aminopropyl)
trimethoxysilane { AFTMS) precursors were simultaneous by
admixed to the reaction mixture in order o obtain a constant
water-to-TEQS molar ratio (R) 325, and variable TEOS-to-
APTMS molar mtios {P) (Fig. ZA). The maction was kept
stiming for 3h a room temperatune (BT) and 30 °C,
respectively. Afterwards, the white colloidal suspension
was mepeatedly centrifuged at 75300 rpm for 5min, washed
with distilled water and ethanol and fimally dried at 120 *C.
In the case of 5i0); particles synthesis using 2-(trimethox-
ysilylpropyl) dicthylenctiamine (DETA) precursor pH
value was lowered from pH 10 to pH 7 with 3 M HCI after
adding TEQS precursor (Fig. 2B) in omder to prevent the
formation of gel as discovered in previous research [37].

2.2 Characterization techniques

The formation of dried Sk particles was confirmed with
Fourier infrared spectroscopy (FTIR: Ferkin Elmer). The
thermal stability of the dried Si() particles was analysed using
thermogravimetric analysis (PerkinElmer, Themmog ravimetric
Amnalyzer TGA 4000); the specific surface arca of the dried
samples was measured by BET (Tristar 3020, Micromeritics).
The Zeta potential () of the prepared particles in colloidal
solution was determined with Laser-Doppler Zetasizer {Nano
5 Analyzer, Malvem). A doubleburstie amomatic Giraior
{T70, Metter Toledo ) combined with a glss electode (InLab
Routine-L., Mettler Toledo) was used for the dynamic addition
of the tirants‘reagents for poentiometric tiration measune-
ments. The morphology of obfained material redispersed in
ethanol was investigned with the tansmission elscon
micrascope (TEM, JTEM-Z10X, TEOL).

2.3 Adsorption of heavy metal ions

The adsorption capacity of 35i() and functionalized
{MH&5i(); ) particles was tested using lead (11, chromium
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Table Rescfion condiions i o e Sample*  Molar ratio B [HLO) Mular ratio P [TEOS)Y T pH1
the synthesis and surface [TECS] | S ['C] ]
functionalestion of 510k I
pamicls TEOS TS 525 = 25 10 3
TS0 S0
TEQS: DETA  TIM2S5 525 1 25 7 24
TS0 S0
TD22S 2 25
TD2/50 S0
TDE25 4 25
TS0 S0
TEOS: APTMS TAL2S 525 1 25 10 3
TALSD S0
TAIS25 L5 25
TASS) S0
TA225 2 25
TA2/50 S0
TAD2525 .25 25
TAD25/50 S0
TAAZS 4 25
TAASD S0
"T=TEDS; TD =TEDS: DETA; TA =TED5: APTMS
“pecursor DETA o AFTMS
Fig 2 Schematic presentaion of A NHOH sokation M::ﬂm'm:“ munummwwm
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CMDERSATION FRECFITATE CTDRSATION bl
e UER
(O and mercury (1) nitate aqueous salt solutions.  was calculated using below equation:
Adsorption solutions were prepared by dissolving 100mg P
of Ph{MNOsk, CriMO:k - 9H20, Hg (NOa ) sakt in a 1-lite adsorption efficiency (%) = u = L 100 (1)

flask with distilled water. The solution’s pH wene adjusted
to pH four by adding 0.1 M HCL In the next step, 45 mg of
the dried adsorbent material was added to the 20mL of
Fb (I}, Cr (Il and Hg (M) salt solutions. After specific
adsorption time, the obtained suspensions were centrifuged
at 7300 rpm for 3 min in order to separate the paticles from
the supematant. The concentration of heavy metal ions in
the supernatant was determined by Atomic Absorption
Spectmscopy (AAS, Perkin Elmer) for Po (D), Cr (Il and
inductively coupled plasma optical emission spectrometer
(HCP-0ES, SPECTR(O Analytical Instruments) measure-
ments for Hg (1) measurements. Adsorption efficiency (%)

where Co (mg/L) and C; {mg/L) are the initial and residual
concenrations of metal ions & different times, while
adsorption capacity (gt) was calculated using below equation:

g =o=Cu=¥ (2)

m
whene Cyp (mg/L) and C; img/L) are the initial and residual
concentrations of metal ions at different times, ¥V (L) is the
volume of the adsorption solutions, and m {g) is the mass of
adsorhent material used.
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To determine the imteractions between the adsorbent
material and heavy metal ions, the obwined resuls wemn
modeled using isothermal adsorption models. Linear forms
of adsorption models, Langmuir (Eq. (2)) and Freundlich
(Eg. (41}, were used o obtain the isothermal curves and to
determine adsorption parameters that are characteristic for
each mode] [48, 49]

e (3)
4 aBL g

1
logg, = log Ky +;]°E e (4]

where C, {mg/L) is the equilibrium concentration of metal
ioms, q. (mgfe ) is adsorption capacity at equilibrium, qt (mg/g)
is adsorption capacity at the time, KL (L/mg) is Langrmir
equilibrium  adsorption constant relaed to the affinity of
binding sites, KF (img) is Freundlich constant related to the
adsorption capacity of the adsorbent and n is the constant
related to the adsorption intensity of the adsorbent.

Lincar forms of kinetic models of the pseudo-first
(Eqg. (3)) and pseudo-second (Eg. (6)) ander were used to
determine the adeorption dynamic behavior [30]

Inig, —q,] = Ing, — k;t (5)
_ . L 6
g kg q o

where q. (mgig) is adsorption capacity at equilibrium,
q; {mgfg) is adsorpion capacity at time, k; {Lémin) is
constant of psewdo-first-onder and k; (g/mgmin) i the rate
constant of pseudo-second-order.

Thermodynamic parameters that gave additional infor-
mation on energy changes associated with the adsorption
pmcess were determined. The most common equations that
connect thermodynamic pammeters were used: Gibbs free
energy (AGP), enthalpy (AH% and entopy (AS%). The
spontancity of the adsorption proocss was deermined based
on the sign of Gibbs free energy (Eq. (7)) and the change in
enthalpy (AH®, and change in entropy (AS®) (Eg. (8)) [51]

AG? = —RThK (7]

AR = AH? —TAs? %)

where R is the universal gas constant {83143 NmaolK),
T (K) is emperature, and K is the equilibium constant for
adsorption and desorption.

2.4 Desorption of heavy metal ions

In this study, two different desorption solutions, ie., 0.1 M
HCl and 15 M CHz(y, were tested for the desorption of

&) Springer

Fb'*, Cr° and Hg™ ions from the functionalized
{NH;&'5i0);) particles with APTMS precursor. After com-
pleting the adsorption process, 20ml of desorption solu-
tions wene added & dried adsorbent material and stirred at
room emperature for one hour. The obtained suspensions
were centrifuged at 7300rpm for Smin to separate the
particles from the supernatant

3 Results and discussion

The chamaterization of adsorption materials, Si(); particles
in comparison to functonalized (NH,8 Si();) partices and
its adsorption and desorption efficiency for Pb™7, Cr** and
Hg™* ions are presented and discussed,

3.1 Characterization of adsorption materials
3.1.1 Morphological properties

Maomphological chamacteristics of the prepared samples were
determined using TEM. Among all e prepared samples
(Table 1), T/25; TS50, TDV25, TDH2S, TADS/LS, and
TA4/25 have been selected for TEM analysis.

In the case of the nonfunctionalized particles, whene
only TEQS precursor was used (sampl T/23) and the
synthesis temperature was 25 °C, relatively spherical Si0),
particles with an avemge particle size of 100 nm wen
formed (Fig. 2A). With the increase of synthesis tempera-
ture to 3 °C {zample T30), the Si(); paticles size
decreased to 60nm (Fig. 3B). The particles had a melatively
spherical shape and a higher level of agglomeration com-
pared to the particles synthesized at 25°C. RAgure 20, E
show amino-functionalized particles uwsing DETA  pre-
cursor, prepared at 25 %0 for TEOS-to- DETA molar ratio
(P} 1 and 4, respectively. Babalou a al. [52] attributed this
effect 0 the increased nucleation mate due to the nsing
reaction temperature. The second offered explanation is
decreased saturation concentration of ammonia catalyst at
higher temperatures, msulting in the lower dissolution of
TEQS precursor. Reduction and hydrolysis reaction rates
are aso lower, and ultimately the panticles size decreases.

Figure 3, E shows amino-funcionalized silica particles
using DETA precursor. It is evident that the 5i(): particles
functionalized at 25 °C (TD/25) consist of two phases.
Larger 5i}; particles of approximately 140 nm in size
were coated with smaller, 10-20 nm-sized DETA particles.
The occumrence of smaller particles can be attnbuted to the
homocondensation of the DETA preaimsor. DETA fune-
ticnalized 5i(); particles (TD/25) reached the avemge
particle size of about 150-160 nm, as shown in Bg. 3C.
Despite the fact that the reaction temperature gemerally
affects the pantick sies, we did not observe significant
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Fig 3 TEM images of Si0,
samples: A T/25 and (B) TS0
DETA functionalized Si10:
samples: C TDI2S and (D)
TD150, E TDY25; APTMS
functionalized Si0; Jes:

F TAY2S and (g) TADS25

deviations in particle sizes, and morphologies with any
increases in the reaction temperature from 25 o S0°C for
DETA functionalized Si0, samples (Fig. 3D). At a higher
synthesis temperature (30 °C), the TEM image confirms the
existence of large SiO; particles that are closely surounded
by a large number of tiny DETA particles that appeared to
be wmking part in a strong aggregation process, as shown in

Fig. 3D. The average size of larger SiOz particles for the
sampk TD1/50 did notexceed 150 nm while the small ones
of DETA retained a particle size of about 10-20nm.

At higher molar ratios, TEOS-to-DETA (P = 4), for the
sample TD4/25 one could expect the formation of larger
particles with increasing TEOS concentrations, but the
average particle size was found to remain about
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pared samples
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120-130 nm (Fig. 3E) with uniformity in terms of their
morphology.  Although many authos  reported on
increasing the particle size with increasing TEOQS, con-
centration we did not motice any effect of TEOS con-
centration on the final particle size in this step of the
research [53]. From Fig. 3F, it is evident that the AFTMS
functionalized Si0); patticles {sample TA42Z35) were
formed with broad size distribution and an avemge size of
about 300 nm. As the molar mtio P decreases {sample
TAQ5/25), the wide particle size distribution becomes
even more pronounced, and a high degree of paricle
agglomeration is observed (Fig. 33). Such mechanism of
particle formation is based on LaMer’s and Ddnegar's
[4, 35] assumption that particle uniformity results from a
shont mucleation period followed by particle growth with
controll ed diffusion of molecules from the solution to the
nucleus surface. Nowadays, it is well kmown that the
nuclzation period often continues into the particle growth
penod leading to the emergence of a wide distribution of
particle sizes [36].

3.1.2 Specific surface area (BET) analysis

The specific surface area was measured for all the prepared
samples (Table 1). As seen on TEM micmgraphs (Fig. 3],
the particles were spherical in shape: thus, the avemge
particle size (Dggr) was calculaed using (Eq. (9)) [37, 58]
Dger = 5 9]
p = BET '
where p (2.2g/an’) is the theoretical density of Silk
particles [39], and BET (mig) is messured for specific
surface arca. In Fg. 4. the results indicated moreasing
specific surface area (BET) with the rise of the madion
temperature from 25 to 3070 for all prepared samples,
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Table 2 Specilic surface area BET {m/g) and particle size Dyger fnm)
fowr the prepared amples

Sample Temperasture  Molar ratio, P Specific Paricle
FCl (ITECQS) surfao ares, @ve, Dy
[premmsart]y  BET [mig] |nm]

T25 25 - A2 138+ 14
TIM25 23 1 18 %2 15317
TS0 S0 13 %1 211+ 16
TD22S5 25 2 14 %1 1964+ 14
TD2S0 S0 14 %1 1964+ 14
TDE25 25 4 1932 145+ 15
TDa/50 S0 253 110+9

TADNZS2S 25 025 253 JLE R

TAD2550 50 28 +2 a7+ 6

TADS2S 25 05 14 %2 195+ 24
TADLSS) 5D 18 %2 152+ 15
TALZS 5 1 12 %2 27+32
TALSD S0 13 =2 210+ 28
TA225 25 2 14 =3 1954+ 34
TA2S0 S0 13 =3 210+ 39
TA4Z5 25 4 11 =1 248+ 2]
TALS0 S0 17 =2 160+ 17

except for sample TIDN/ZS due to the thickness of the
surface layer. The maximum specific surface area value was
obtained with the samples synthesized at a molar ratio P =
41 or when the addition of TEOS precursor was the
highest. The =zame effect can be noticed when using
precursor AFTMS  (Fig. 4). Calculated Dyggr  values
corresponded to the TEM micrographs. The obtained values
decreased with increased meaction emperature, and the
exceptions were in the case of the samples TD1 and TAZ.

Specific surtace arca values (BET) measured for the
prepared samples and their particle size (Dgger) calculated
according to Eq. (9) are presented in Fig. 4 and Table 2. As
can be seen, the specific surface arca of non-fundionalized
silica particles prepared at mom temperature (T25) was
about 0 ml.'g and the calkulated average particle size
{ Diggr) was about 138 nm. Results revealed that the specific
surface ama of amino-functionalized silica particles (TA
and TDY) prepared at different temperatures (25 °C and
30 7C) and molar mtios P (025, 0.5, 1, 2, 4) reduced on
average and the panticle size increased, compared to mon-
functionalized =ilica particles.

As can be seen from Table 2, the reaction emperaturne is
an important parameter that significantly affects changing
the specific surface area The results showed that the spe-
cific surface area of the silica samples amino-functicnalized
with DETA precursor at constant TEOS-to-DETA maolar
ratios (F), incrcased with increasing meaction emperatune
from 25 o 50 °C, which was meflected in decreasing their
particle size. Specific surface ara for the samples prepared
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at molar mtio P = 2 and the maction temperatures 25 °C
(TDEZ5) and 30 °C (TDXAS)) remained constant at abouwt
14m%/g with the average paricle size of 196 nm. For the
samples TDMZS and TDE/H), the specific surface area
increased from about 19m%g to 25 m/g and their average
particle size decreased from 145nm o 110 nm, nespec-
tively. An exception is the TDN/25 sample in which the
specific surface area decreased from abowt 18 m¥g to
13 mig with increasing temperature from 25 to 50 °C and
its average particle size increased from 133 to 211 nm,
respectively. This can be most probably atributed o the
imcreased agglomeration of the prepared particles. The
formation of smaller agglomerated particles was also con-
firmed by TEM images of the momphology of particles
prepared at 50 °C (Fig. 3).

Similar findings could be obtained in the case of amino-
functionalized silica samples prepared at different tem-
peratunes (25 °C and 30 °C) and maolar mtios P (0.25, 0.5, 1,
2, 4). The msults, in that case, also confirmed that the
specific surface ama of the silica samples  amino-
functionalized with AFTMS precursor at constant TEQS-
to-APFTMS molar matios (F), increased on average with
imcTeasing reaction emperature from 25 to S09C, which
was consequently reflecied in decreasing their particle size,
as shown in Table 2. It was also found that the specific
surface arca of silica samples amino-functionalized with
APTMS precursor, prepared at a constant reaction tem-
perature of 25 *C decreased in general from 25 to 11 mig
with increasing molar ratio P from 025 to 4, while it was
decreasad from 28 @ 17 m¥/g with increasing maolar mtic P
from (.25 to 4 for the samples prepared at a constant
reaction temperature of 3)°C. We assume that the reason
for such behavior can be found in the increasing con-
centration of TEQS procursor relative i AFTMS precursor in
the reaction system and tus poor coverage of the surtace of
the zilica particlas with the APTMS maolscules, along with
increasing the molar mtio P, which reflects in decreasing the
specific surtace area and increasing the particle aze. In con-
tragt, e pronounced sturation of the siica surface with the
APTMS silane moleaules at P =0.25 due to the lower TEOS
concentration relatve to the increasing APFTMS concentration
im the reaction system reflects in higher specific surface area
and thus smaller particle size [60].

OUmn the contrary, this does not scem to be the case for
silica samples amino-functionalized with DETA where the
values of specific surfaces are not a5 armanged as in the case
of silica sampless amino-functionalized with AFTMS. In
that case, we ane dealing with long-chain silane molecules
that include amine groups in their stucture (Fig. 1). We
hypothesize that such long chains of molecules can atach
to the silica surface im a variaty of (and more likely ) ways,
such as loops, trains, and tails, and thus hinder surface
interactions between amino-silane maolecules and silica

surface [61]. In addition, there can exist certain interactions
between the adjacent amine groups in the amino-silane
chains (via hydrogen bond). All of this can significantly
affect the change in specific surface area and consequently
the particle size [62].

3.1.3 FTIR analysis

FTIR specira of all prepared and dried Si() and NH, & 510,
particles, as listed in Table 1, wene comparncd to FTIR
spectm of pure TEOS, DETA and APTMS chemicals.
Partickes prepared at different molar ratios P and synthesis
temperature showed similar results: therefone, only samples
prepared at molar ratio P = 1 and temperature 25 *C (T/25,
TDN25 and TALZ2S samples) are presemted (Fg. 31 The
peak at 2975 cm™" was prescent at all precursor spectra as a
result of stretching vibrations in ester (-5i00;Hg) groups,
while the peak at 957cm ™" was ascribed to the bending
deformation of the ester groups [24]. In the case of punc
precursors, the peaks were clearly visible, whereas in the
synthesized nonfunctonalized and functionalized 5i0;
particles peak at 2975 am™ completely disappeared and was
slightly meduced at 958 am ', This difference indicates the
complate hydmolysis of fie precursors or the change in ester
silanolzata groups [37). The intensc peak at 1070 an " inall
precursors and prepared samples corresponded to the Si-0O-
5i bond due to long 5i-0-5i chains in the silane [39]. The
structune of SiC); particles with 5+0-5i bindings occurs duc
to the complete hydmly sis of the silanes with a high mumber
of Si0H gmoups available for binding. The chamcteristic
amino (MN-H) groups in the precursors DETA and APTMS
were at about 333 am! and 1610em™" [51, 50, 63].

T+ T+ T T T T T
3000 2500 2000 1500 1000

Wavenumbers (cm™)

—T—
3500

4000

Fig. 5 FTIR specira of TEQS, DETA and APTMS precursors and T/
25, TDN2S5 and TAV2S samples
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The same peaks can be observed at the spectra of all pre-
parad amino-functionalized samples, which confimmed the
successful functionalization of particles.

3.1.4 Thermal stability

The thermal stability of the Si(}; and NH, @ 5i(), particles
has been established by thermogmvimetric  analysis
(TGA). Figure 6 shows the TGA analysis of unmodified
silica (T23) and amino-coated silica samples (TD223 and
TAD.325). TGA curves clearly showed that the organic
amino-silane coating completely degraded within 900 =C.
As can be seen, the decomposition profile for the amino-
coated silica (TDX25 and TAD.525) samples is very
similar, showing two main degradation sieps. The first step,
with a gradual weight loss of 3 wt% on the heating from room
temperawre up to 1530°C, could be mainly attribuied to the
loss of physically adsorbed water within the silica particles and
evaporation of ethanol residue, a5 a consaquence of a previows
condensation of the alkoxyslane groups [64] The soond
degradation siepat temperatures bebween 250 and 900 °C with
a gradual weight loss of 10wit% for TDZ25 and 20 wi% for
TADSZS, s associaied with the Joss of the surface amino-
functional layers, presnrmably due to the oxidation of the CH;
and NHz units in the strocture of APTMS and DETA mole-
cules [65, &6], resulting in the formation of C0,, NO, and
Ho () and cleavage of individual pans of sirface-anchoned
APTMS and DETA molecules, while 5i-0-5i bonds among
silicon atoms in the strsctune of siicon dioxide remain stable.
Thie samnplas left a residue of about 65wt for TAOQ 525 and
85 wit%® for TDE25, respectively. That incnease in weight boss
for TAD 25 can be atributed to the higher APTMS con-
centration in the sample, in contrast to the TDNS2S5 sample at
which the DETA concentration was lower. Comparing these
rezsults with the thermogravimetric behavior of the pure silica

Wizghil Joss (%)
=
i—
1

754

M T2§
— Thes . |
54 —— TARLS2S

all

] 2{Hy AlHl Mk BIHk 1{HH}
Teiwprran e (57}

Fig 6 TOA curves for T25, TD225 and TA (2525 samples
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samiple T23), it is clear that the weight loss of the second sep
is mchied to the degmdation of the organic amino-silane
coating segments. The thermal stbility of the prepared sam-
ples analyzed is also in accordance with previous nesults
shown in the liemwre for other functionalized silica nano-
materials [67-T0].

3.15 Electrokinetic potential

In order & obtain surface chargefisoclectric point, the
samples T/25, TDN/25 and TAL2Z5 were me-dispersed in
distilled water. In the case of 5i(}, particles (T/25 sample),
the isoclectric point at a pH value of 2.5 was determined.
The measured zeta potential (2 indicated the formation of
8il), particles with positively charged —OH™" groups and
negatively charged -0 groups in the Si0: suface layer at
the pH values below 2.5 and above 235, respectively. For
the NH, @51}, panticles (TD1/25 and TA1/25 samples), the
isoclectric point moved from the acdic pH 235 to the
slightly hasic pH at 7.5 in the case of TDI25 sample and
the pH 935 in the case of TA1/Z5 sample, as a consequence
of the deprotonation of amino groups in the surface layer of
Sil); particles. The positive zota potential (Z) was the mesult
of the protonation of the amino groups in the acidic medium
{pH <) [17, 37].

—NH; < —NHS < —NH-
acidic medium  newiral medium  basic medium

The pH-potentiometric tittations wene used for the total
charge determination of samples T/25, TD2/25 and TAQ.Y
25 (Fig. 7). They werne carned owt in the forward (with
potassiom hydroxide) and backwand  direction  (with
hydrochloric acid) within the pH egion 2.5 < pH < 11.0. A
detailed description for calculating the pH-titration iso-
thems can be found elsewhere [56, T1].

The titration curve of the T/25 sample showed that dis-
sodation/protonation of e functional groups occurned
the pH range between § < pH < 11. The tmansition in the
titration curve is the result of the decomposition of 5,
particles in water. In the case of TD2/25 and TAON
25 samples, two sepamte steps of protonation were
observed. The first occumred in the pH mnge of 4.5 < pH <
6.5 and the second in the same arca a5 in the case of the T/
25 sample (8 < pH < 11). The obtained separate protonation
steps were in accordance with the theory where the primary
amines (-NHz) protonate at the pH-9 and the sccondary
amines (-MNH-) at the pH~4.5 [T2]. The quantity of charge or
functional groups were caloulated from the curve platcaus.
The quantities of functional groups were similar in the case
of T/25 and TIVA25 samples (.95 mmol/g and 0.97 mmol/
g, mspectively), while the highest value was determined in
the case of tie TADS2S5 sample (6.04 mmol/g).
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Fig 7 Poentomerc traton resulls for the 50, particks (T/25 sam-
pleh and NH: @5#)k pertides (TD225 and TADLS2S samples)

3.2 Adsorption studies

Adsorption efficiency tests were performed for all prepared
samples (Table 1) using the Po™*, Cr'* and Hg™* model salt
solutions, SiCk (T/25 samplk) and funciionalized Si(k
particles (TDX25 and TADS5/25 samples) indicated the
highest affinity towards cach heavy metal jon (PR, O
and Hg™*) and were further tested to determine optimal
adsorption pammeters. By calculating the adsorption effi-
ciency (Eg. (1)) and adsorpion capacity (Eg. (2)), the
fastest ions binding time onto the surface of the synthesized
sample was determined (Fig. 8.

Table 3 depicts the comparison of removal efficiency and
desorption efficiency with other adsorbent materials in the
existing literature, Different heavy metal ions Zn®, P,
Hg*, Cd™) were adsorbed using memaptopropyl functio-
nalized silica {5i()) nanoparticles prepared by Kofak et al.
The maxirmum removal efficiency for Ph™* was found to he
33.9% and adsorption capacity is 10.42 mg/g [33]. When
studying the removal of P jons from agueous solution
using vanous adsorbent materials, surprisingly, there are not
many desorption experiments done in other works, Pandey
etal. demonstmaied removal efficiency of 805 and 4.33mg/g
of adsorption capacity towards Ph* using eggshells in an
aqueous phase [40]. Removal of Pb* using natural adsor-
bents such as Moringa oleifera, opis juliflora and peanut
shell by Gautam o al. in textile wastewater displayed 86%
adsorption efficiency and 5.6 mg'g of adsorption capacity
[41]. To facilitate better adsorption of Cr'* jons from the
aqueous phase, Liyas et al. used Peanut shell, which yielded
61.5-80% removal efficiency with 4.22 mg'p of adsomption
capacity [42]. Zhu et al. analyzed the influence of iron (I
impregnated sorbent prepared from sugarcane hagasse on
the adsorption of o' from aqueous  solutions  and
demonstrated 93% of mmoval efficiency and 13.37 mg'g of
adsorption capacity [43]. Activaed carbon modified with

micro-sized goethite was used by Su et al to demonstrate
85 4% removal efficiency of O, but unfortunately, a very
low desorption efficiency of 16.9% was obtained [44]. The
maximum removal efficiency for [-Igl’ was 20300, and
adsorption capacity was 7.13mg/g by Kushwaha o al,
using palm shell[45]. Solis et al. wsed Gold nanoparticle-
coated silica to demonstrate Y6% removal efficiency and
0.1 mg/g of adsorption capacity of Hgl' i0ns in an agueous
medium [46]. According to Faulconer of al., using activated
carbon yielded a removal efficiency of 845, but they did
not perform any desorption experiments [47].

Adsorption efficiency (%) and adsorpticn capacity q;
(mg/g) of PH", Cr'" and Hgl' ions as a function of
contact time (Fig. §) were studied using 5i0); particles
(Tr25 =mample) and NH&5i0), particles (TD2/25 and
TADNZS samples). Obtained results have shown that the
adsorption efficiency and adsorption capacity increased
expomentially by prolonging the adsorption time from
2min up to 16 h The equilibrium adsorption time was
found to be less than ane hour for all tested samples. The
adsorption cfficiency and adsorption capacity for heavy
metal ions (Pb™, CF° and Hg'") removal were the
highest using functionalized 5i(); particles with APTMS
precursor, Adsorption efficiency of 99.3% of Ph™ ions,
98.4% of Cr't ions and B8% of Hg™* ions removed from
agueous solution when using NH,&5i(); particles with
APTMS precursor.

Validating our results, the adsorption capacity using
TADS5/25 sample was 34.13 mgfg in the case of Pb*" ions
and 29.16 mg/g in the case of Cr'* ions and 144 mg/g in
the case of Hg™*, Contrary to predictions, Si(l; (T/25 sam-
ple) and functionalized Si0); particles (TD2/25) displayed
mo adsorption on Hg™. Based on the results of poiential
titmtion measurements, which showed the highest quantity
of functional groups in the case of the TADS/2Z5 sample
(6.0 mmaolig), the obtained results of adsorption capacity
were expected. The number of functional groups was
similar in the case of T/23 and TIXA25 samples {095 mmaol/
g and 097mmol'g, respectively): Themfore, similar
adsorption  capacitiss were observed. Comparison  of
adsorption capacity of MHz@5i0: particles with other
similar adsorbents for removal of PR, CF' " and Hg' ™ ion
showed similar resulis (Table 2).

3.2.1 Adsorption Isotherms

The obtamed msults were modeled using  Langruir
(Eq. {3)) and Freundlich (Eg. i4)) adsomption models o
determine the adsorbent and adsorbate interactions and the
adsorbent surface properties. The characteristic parameters
of adsorption isotherms of Pb*" and Cr'* ions for T/25,
TDZ/25 and TAD. Y25 samples and adsomption isotherms of
Hg** ions for TADS5/25 samples were determined.
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Adsopion efficiency and cpacity of Cr't jons (¢, d) doms a5 a
function of contact ime for the T/25, TD2/25 and TAOS2S samples;

The Langmuir isotherm is used to describe the balance
between adsorbate and adsorbent, assuming that adsorption
is monomolecular, all surface sites are encrgetically
cquivalent, and the surface itself is homogencous, whereas
Fraundlich isotherm considers heterogencous surfaces by
multlayer adsorption [73, 74] All the values for the pam-
meters and the comelation coefficients (R”) of the Langmuir
and Freundlich models are listed in Table 4. The companison
of comelation coefficients (R?) showed that the Langmuir

€ springer

Time (min)

Adsarption efficiency and capecity of Hg** jons (e, 1) s 2 function of
comact ame for TADS2S samples

isotherm fittied well within the experimental data for Pb™",
Cr**, and Hg™. As shown, all the values of R? for Langmuir
were ranged much higher (R” in the range 0.90-0.98) than
those estimated from the Freundlich model, which wasin the
range R? 0.51-095. This indicates the adequacy of the
Langmuir isotherm model for describing the adsorption
processes and confirming monolayer adsorption.

All the isotherms in Fig. 8 showed charactenstic Type |
isotherm shape according to IUPAC classification [75] with
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Table 3 Comparison of adsompion efficiency (%), abkorption capacity (mg'e) and desorption (%) of 510k and NH.@5i0, paricles with other

adsorhents for remeval of PHY, Or' and th

Hezvy Agdsnrhent Remsval Adsarption Desoaprtiom Reference
medal ims efficiency % capadty (mglg) efficency %
Pht Mercapio-madilied slica particles 559 1ik42 - 135])
Egg Shells 1] 43 - |40
Natural adsorhenits 56 5.6 - |41]
58 panticles 378 205 - Present work
NH: @500 partcles {DETA) 56.3 37 - Present work
NH, @530 particles (APTMS) 99.3 54 918 (L1 M HY Present work
ot Natural aclsorhent 61.5-80 432 - 142]
Irem {IT-impremmatel sorhent 3 1337 - 143]
Activated carbon modified with micro- 85.4 45 169 |44]
simed goethie
NH, @510}, partcles {DETA) L1 211 - Present work
5, panticles 735 17.7 - Present work
NH, @50, particles (APTMS) 984 291 =2 Present work
(k1M HCD
Hg™ Palm shell 29.39 713 = |45]
Gokd menoparticle-coated silica 06 irl - |4&]
Activaied cahon B4 Mot given - 147]
NH, @530 particles (APTMS) 18 144 M 1.5 M CHD5h Present work
=) Desorplion were md perirmed in literstue for such lsheling
;r]j:; :m’:‘*;:?:::d‘:;m‘ Heavy metal ions  Sample Lam groair Freunctich
parameters of PP+ md O+ e Ko Re R Kg n R
imms for TF25, TDA2S and |mge] [Vmg)
TADSZS samples and
adsorpion isothemns (Langmuir Pt TS 1829 LI12 (LN08 09M2  336E-24 025 (LB
:‘;F::’:JI‘:I:‘HEE”‘ ol TDIES  253E1 006 0K 00539 LIZE-04 0S8 (E08S
= ) ) TADS2S 98 Q5] 0023 09084 714332 2681 07687
or't TS 1737 092 [LTOE S 09739 34608195 185 (L9855
TD225 25010 D 0131 07045 HERE-(3 073 053
TALSS 7T @ 0163 06871 12337 175 (L5573
Hg** TADS2S 37 03 01063 (9888 4758 —140) (9583

a sharp initial slope for the Ph*°, Hg® and O metal
specics, that indicates high adsorbent efficiency at low
metal concentrations, with a typical equilibrium plateau
when the metal concentration increases.

The adsorption of the Pb** and Cr'* by the amino-
coated  silica adsorbents (TADS25) was naoticeably
enhanced with respedt to the Hg™" at whom the lowest
adsorption capacity (3.75 mg/g) was obtained. This can
could be interpreted using Peamson’s Theory of hard and
soft acids and bases (HSAB). Based on the Lewis defini-
tion of acids a5 elecron accepiors and bases as electron
donors, this concept states that a soft acid prefers to
coomdinate and form stronger bonds and mome stable
complexes with soft bases, and vice versa, a hard acid
preters to coondinate and form stonger bonds and mone

stable complexes with hard bases. Relatively smaller metal
ions of low polanzabilitics and high electronegativity, such
az Or'", am classified as hard acids, and amino groups
{-MH;) amre a hard hase. Thus Cr* has a much higher
affinity for amino groups than Hg**, which iz soft acid,
whereas borderine acids such as Ph™ exhibit slightly
lower preferences for amino ligands [35].

As can be seen, the affinity of surface nonfunctional
silica adserbent {T25) to Pb™ and O does not differ
significantly, 1829 mg/g for Pb™ and 17 37 mg/g for Cr'.
This can be clarified as the increased activity of surface -0OH
groups for PB** and Cr'* adsorption [76]. Hydroxyl {-0H)
groups on the particle surface genemlly act as adsorption
sites for binding heavy metal ions. According to the HSAB
concept, -OH groups are classified as hard bases and
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therefone prefer stronger bonds with hand or borderdine
acids, like Cr'* and P, respectively.

OUm the other hand, the results for TADSZ2S5 adsorbent
revealed that the Ph'* (9.89 mg/g) was not emoved as
efficiently as the Cr'* (277.01mg/g), most probably
because of its weaker hinding strength to the amino groups
{-NH;). This can be explaned by the use of an abzolute
hardness pammeter. Pam et al. [77] stated that the abzolute
hardness parameter of the amino groups (-MNH,) as a hard
base is 5.3, while the parameters of Ph™ and CF'F ame £.5
and 3.05, mspectively. Although P is classified as a
borderline acid, the value of its absolute sofiness, which is
defined as the reciprocal value of hardness (a value of zero
denotes maximum softness), indicated the slightly softer
nature of Pb** as compared with the Cr'* [35]. Therefor, a
higher affinity of the amino groups (-NHz) for the hander
Cr'" and a lower affinity for the softer Pb*" iz expected,
This is in good agrecment with the obtained nesults. In
conirast, the results for TD2/25 adsorbent showed much
higher adsomption capacity for the Pb*" (25381 mgigl in
comparison to Cr'* (25.10mg/g).

Such differences in the adsorption of PE°, Cr'° and
Hg"' ions by amino-functionalized silica particles {TAD.5/
25, TDA50) can be atiributed to the uneven reactivity of
different types of amine groups on the silica surface due to
the many different ways that the pnmary amines can
interact with its envimnment [78]. Particulary, the weakly
basic amino groups {(-NH;) can interact with the weakly
acidic silanol groups { 5i-0H) at the silica surface, the amine
sites can also interact with adjacent amine groups via a
hydrogen bond, or they can be mutually non-interacting it
the amino groups are isolated from each other [62]. All of
that distinctly hinder the chemical interactions of heavy
metal ions with the active amino groups and affects the
adsorption efficiency and capacity. We can also conclude
that the adsorption of heavy metal ions on the amino (-NH)
tunctionalized silica surface depends so on the concentra-
tion of the amino-functional groups at the surface of the
adsorbent and the number of N-donor groups in the ligand
structune; however, many studies stale that adsorption
capacity s not always proportional to the number of amino
{-MH;) functional groups of the adeorbent [62, TE—83].

Graphically, this can be illustrated by an eguilibium
phican, where no adsorption is possible once a molecule
takes place [B4].

The By, value, characteristic tor the Langmuir adsorption
model, shows that the adsorption process is favorable i
By =1, is lincar if By =1 and is irmeversible if By =0 [B5].

As shown in Table 4, the Ry values for the adsorption of
Pb**, Cr** and Hg™ wemr found to be in the range 0 <
By <1, which & consistent with the requirement for a
favomble adsorpion process umder the condiions used
during this study Fig. 9.

) Springer

3.232 Adsorption kinetics

Figure 10 shows the pesewdo-second-order kimetics for
adsorption of Pb™", Cr'" and Hg™* ions from model salt
solutions with 50, (TV25 sample) and NH, @510, particles
(TD¥25 and TAOS/25 samples). From the slope and seg-
ment on the ordinate axiz, the walue of the cadtion e
constants (k, and k;) and equilibrium adsorpticn capacities
{g.) were determined [3)]. Cakulated values of kinetic
parameciers and cocfficients of hnear regression cormelations
{R% are sunmarized in Table 5. Comparison of the corme-
lation coefficients (R?) for cach sample and heavy metal jon
showed the adsomption process of P‘I:-l'_ and Cr' jons on
samples T/25, TDX2S and TADS2S and the adsorption
process of Hg™ jons on samples TAD 525 follows a pseudo-
second-order. The adsorption mechanism of Pb™, Cr' and
Hgl' ions include the activation and chemisorption processes
of srong chelation between PR, Or'* and Hg™* ions and
OH- groups and free-clectron pairs present on the surface of
the adsorbent material. Moreover, the adsomption process will
likely ocour by moving the metal ions from the agqueous
phase to the adsorbent surface [B6-88].

3.23 Themmodynamics

For insight into the adsorption pmocess, it & necessary io
consider the thermodynamic activation parameters. These
adsorption process pammeters ane activaion enthalpy (AH),
activation entropy (AS) and free energy of activation (AG)
[§9]. Taking into account the wvalue of the equilibrium
constant (K], the value of (Gibb's free energy (Ad5) at a
specific temperature (298.15; 32315 and 348.15 K) was
calculated. Based on the caloulaed walues, the value of
enthalpy {(AH) and entropy (AS) wene graphically deter-
mined [%]]. The values of the individual thermod ynamic
parameiers for the adsorption of PE** and O jons from
mode]l =alt solutions onto the TV25, TIXAZS and TADS
25 samples and Hgl' ions from model salt solutions onio
the TAQ.325 samples are listed in Table 6.

For significant adsorption to ocour, Gibbs free energy
change must be negative [91, 92]. As shown in Table 6,
Gibb's free energy change (AG) values were found to be
negative at 298,15 K for adsorption of Hgl‘ ions with
TADS/25 sample and O jons with IS sample, at
32315 and 323.15K with TIXA25 sample and at all tem-
peraiune with TAD 5/25 sample, which shows the feasibility
and spontaneity of the adsorption process. In other cases,
the A values wem positive, which indicates that the
energy for the activation of the adsorption process should be
conveyad from the surmundings [91].

Asis evident from Tabke 6, inthe case of the adsorption of
Pb** and (r'* ions with the T/25 sample and Pb** jons
adsorption with the TDX25 zample, Hg™* ions with the
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TADNZS samples, the vale of AG significantly increased
with the increasing emperature, which implies that lower
temnperatune makes the adsorption easier. On the contrary, a
decrease of the AG value with an increase in temperatumne in
the case of adsorption of Pb* " ions with the TAD.5/25 sample
and Or** jons with the TD2/25 sample indicates that the
adsorption process is more favorable at higher temperatures.
This could be explained by the increased mobility of Pt
and Cr'" jons in the solution with increasing temperature.
The enthalpy change (AH) was negative in cases of
adsorption of Hg'* ions with the TA(.525 samples, Pb™™
ions on T/25, and TDR2/25 samples and in cases of binding
Cr'* jons on T/25 and TAD.525 samples, which implics
that the adsorption phenomenon is exothermic [Y3]. In an
expthermmic process, the total energy absorbed in bond
breaking is lower than the total energy meleased in the bond
making between Pb*", O md Hgl' ions and samples”
surface, resulting in the release of exim thermal energy. In
the case of adsorption PR ions on TAQ5/25 sample and
Cr'* ions on TD2/25 sample, a positive AH value implics
that the adsorption process is endothermic [*4]. The
adsorption process of the heavy metal ions on the solid
surface (solid-liguid system) is a combinaton of two

processes: {a) the desomption of the solvent {water) mole-
cules previously adsorbed, and (b) the adsomption of the
heavy metal ions. In an endothermic process, the heavy
metal ions have to displace more than one water molecule
for their adsorption, msultng in the endothermicity of the
adsorption process. The magnitude of AH may also give an
idea about the type of somption. The heat that develops
dunng the physical adsorption is of the same extent as the
heat formed during the condensation and has the value of
2.1-209 kI mol”. The heat generated during the chemi-
sorption process is generally in a range of 80200k mal
[92]. Therefore, in given conditions, te adsorption of PH**
and Cr'* ions from sakt solutions with T/25, TD2/25 and
TADS5/Z5 samples and the adsorption of Hgl' ioms from salt
sphitions with TADS/2Z5 samples can be atiibuted to a
physicochemical adsorption process (Table 6.

A positive value of AS of the TV25, TDX25 and TAQLY
25 samples meflects the affinity of the functional groups
towards the PR and Cr'* jons. In addition, the positive
value of AS suggests increased mandomness at the solid!
sohition inerface with some structural changes in the sample
and the Pb** and Cr** ions [92]. The value of A% was
negative in the case of adsorption of Cr'* and Hg® ions
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Table 5 Kmaics parameters of

Poit el O doms far TS, Heawvy metal ions Sample Paeudo-lirs order Paeudor-second order
TD2/25 and TADS2S samples q k B2 9. ks R=
and kinetics parameters of Hg** [y P#mim) |mgfg]  [gfmgmin]]
immns for TADRSZS smples
Pt T25 .96 L {LE351 20067 LS ] L9956
TO225 280 HHEG L1191 3R 32 L9999
TALS25 929 MHET ik 1740 54.67 (1016 L9993
ot T25 937 (LHNKE L1309 1871 ({281 k9999
TO225 1594 (T L2263 17.74 (KB ik 90
TALS25 951 (R L3663 2929 (005 L9997
Hg™* TAS25 1.75 (WK 1 (LET4&4 1362 {1755 L9956

with TDXY25 sample and TA0S5/25 samples, respectively,
suggesting that the adsorption process is enthalpy driven. A
negative vale of entropy change (AS) also indicates a
reduced disorder at the solidfliquid interface throughout the
adsorption process resulting in the escape of Cr** jons from
the solid phase to the liquid phase [50].

3.3 Desorption studies

In order to synthesis an ideal adsorbent material, tao key
pammeters must be evaluated, adsorption and desormption

) Springer

efficiency. Adsorbent materials that show higher adsorp-
tion cfficiency and posscsses batter desorption propenty
can considerably reduce the cost of the recycling process.
In this study, the desorption of Pb**, Or'* and Hg™* ions
from NHzE0 50 particles {TAD. 325 sample) was tested
using two different acids (0.1 M HCl and 1.5M CgHgO5).
It was thought that if metal ions were adsorbed on the
adsorbent material by electmstatic interactions, then acid
solutions, such as HCI and CgHg Oy, would regenerate the
mectal-adsorbed materials due to increased concentration
of H", giving place to ion exchange with the adsorbed
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Tabde & Thermadynamic perameters aof Pb™ and Or' ions for T925,
TD225 and TADS2S sxmples and thermodynamic parameters of
Hg*t ions for TALS2S smples

Heavy Sample T(K) AG AH AS
metal jons Elimal)  (klmoll &Vmal)
Pt TNS 29515 1.9 =327 k19
e N LI Y
34815 293
TO2ZS 29815 100 =1021 [Tk ]
375 272
34815 293
TADSZS 2915 9M 2613 [T
e I LI v
34815 A
or TS 29815 -0 —21%2 071
32305 09
34815 284
TORAS 29815 L4 693 -4
3NS5 -138
34805 -146
TALSZS 29815 —1106  —li86 [T
32315 -9
34815 —11.02
Hg™t TADSZS 29815 -1.17 2204  —(0OW0
3705 058

34815 253

metals. The results showed that 0.1 M HCl and 1.5 M
CeHy()y was suitable for very high recovery (91.8% and
39.4%, respectively) of Pb** from the TAD.5/25 sample.
1.5M CeHgOq and 0.1M HCI showed 100% and 16%
recovery, spectively, for Hg™ from the TADLS/25 sam-
ple. However, low recovery (>2%) of Cr't from the
TA05/25 sample suggested that Cr'* jons form morme
stable chemical bonds (i.c., copmdinated covalent bonds)
with a synthesized adsotbent material. The irreversibility
of the Cr'" adsorption process onto different adsorption
materials using various acid solutions was also reported
by Flomes-Cano et al. [95], Tyttak et al. [96] and Bernardo
et al. [97]

4 Conclusions

In this study, silica (5i0:) and amino-functionalized S
particles {NH; @ 5i0;) were synthesized according to the
Stbber method and wsed as the adsorbent material for
heavy metal ions removal (PR, Cr't and Hg™) from
aqueous solutions. Adsorbent materials were prepared
using precursors  tetracthoxysilane (TEOS),  3-(imi-
methoxysilylpropyl)  diethylenctriamine (DETA)  and

(Z-aminopropyl) trimethoxysilane (APTMS) with differ-
ent molar mtios (P) at room and elevated temperatune at
vanous pH values. The formation and functionalization of
relatively spherical Si(}, particles were confirmed by
Fourier Infrared (FTIR) Spectroscopy, Thermogravi-
meiric  analysis  (TGA) and  Transmission  Electron
Micmscopy (TEM). The isoelectric point obtained by zeta
potential {2) measurements were in the pH mnge > 2.5 for
Si0); particles, while the functionalized MH 8 5i() par-
ticles was around pH 7.

The results showed that the adsorption efficiency and
adsorption capacity for sudied heavy metal ions (Fh™,
Cr't and HEL] removal were the highest when using
APTMS precursor to functionalize 5i0); particles. Fur-
thermore, adsorption capacity using NH, @ 510 particles
with APTMS precursor was 34.13mglg in the case of
Pb*", 20.16 mgig in the case of Cr' " ions and 14.4 mgig
fior Hgl‘. The adsorption efficiency was 99.3%, 98 4% and
B8% of Ph'", Cr''and Hg'" ions respectively removed
from aqueous solution.

The comparison of cormelation coefficients (R;) of
Langmuir and Freundlich isotherms showed that the
adsorption of PE*, Cr'" and Hg™* with all tested samples
best describes the Langmuir adsorption model. Compar-
ison of cormclation coefficients for each adsorbent and
adsorbate showed that the adsorption pmocess targeted
heavy metal ions followed pseudo-second-order Kinetics.
The results suggested that 0.1 M hydrochloric acid (HCl)
was suitable for very high recovery (91.8%) of Pb™* and
15 M citric acid { CgHg05) was ideal for 100% recovery of
Hg** from adsomption material. However, further investi-
gation will be focused on the desorption studies of ot
from adsorption materials and regeneration of as-prepared
particles for muse purposes. The binding efficiency of
other heavy metal ions such as cadmium, zinc, etc., will
alzo be studied.
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Abstract In this paper, a circular economy approach with the adsorption and desorption of heavy
metal (HM) ions—ie, lead (Fe*), chromium (CrT), and mercurny (Hg?* —from aquecus solutions
was shudied. Specific and selective binding of HM ions was performed on stabilized and amine-
functicnalized iron oxide magnetic nanoparticles (y-Fe;Oh@8NH,; NPs) from an aqueous solution at
pH 4 and 7. For this purpose, y-Fe; O5@8NH; NPs wen characterized by thermogravimetric analysis
{TGA), Fourier-transform inframed spectroscopy (FTIR), specific surface area (BET), transmnission
electron microscopy (TEM), EDXS, and zeta potential measumenents (L), The effects of different
adsorbent amounts (i, = 20/ 45,90 myg) and the type of anions (NOy—, Cl-, 50, ) on adsorption
efficiency wene also ested. The desorption was performed with (L1 M HNO,. The mesults showed
improvement of adsorption efficiency for CrT, Pb**, and Hg?* ions at pH 7 by 45 mg of g-Fay; O58NH;
NPs, and the sequence was as follows CrT > Hg™ = PE™, with adsorption capacities of 904 mg/ g,
256 ﬂ'lla;,-"g, and 3.6 mg.-"g, mbped:ime l:.r. The d.eu:.'n'Pl:iufl results shinwead the Pl.'ma:l'bi]:il'_\r for the peuse
of y-Fex Ox@NH; NFPs with HNO,, as the desarption efficiency was 100% for Hg,-h o, W67 Y for
CrT, and %1.3% for Pe?*.

Keywords: superparamagnetic nanoparticles; iron-oxide; maghemite; functionalization; aminopropy-
ltrimethosy silane; adsorption; desorption; kead; chromium; mercury; circular economy

1. Introduction

Today, Europe is facing limited stocks of raw materials (RMs), such as heavy metal
ions (HM ions) and rare-earth elements (REEs) [1-4], Even more obviously, in the context
of the COVID-19 pandemic, Europe’s economy is facing an even larger lack of EMs and
HM ions. Momeover, the European Union (EUY's industry is dependent on imports of large
arnourits of EMs from the Asian market [1-3]. Theretor, the EUJ Commission was forced
to prepare a list of critical raw materials (CRMs) [2,3,5,6], with sustainable strategies to
foresee a circular economy based on recycling and reuse of critical REEs [2].

Lead (Pb**), chromium {total chromium (CrT)), and mercury (Hg®) ions are listed
among the top 20 most hazardous substances [7,8] (accessed on 30 August 2022), since
large amounts of HM ions are released into the environment due to agriculture and specific
industries, such as the automotive, textile, mining, dye, and electroplating industries,
among others [5,%-11]. HM ions dissolved in water are already toxic in small quantities
and non-biodegradable, and some are cardnogenic and bicaccumulative, so they need to
be treated as priority pollutants and efficiently deaned [10-12].

Among these HMs, mercury has taken the spotlight because it is a global
pollutant [13-16]. Mercury exists in various forms in the natural environment, such as mer-
curous (Hga*2), and mercuric (Hg?*), along with organic mercury-containing methy | and
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ethyl groups. It is pertinent that the highly notoriows form of methylmeroury is caused by
the methy lation of inorganic [15] and elemental mercury [17] that is present in the aquatic
environment by sulfate-reducing bacteria such as Desulfombrio desulfuricans. Methy lmer-
cury can bicaccumulate and biomagnify in the oceanic food chain to reach 10° times the
concentrations that have caused several tragedies in the past, such as the Minamata tragedy
in Japan [15] Negative toodc effects of versatile and highly mobile stable forms of dhromium
{Cr' and Cr®*) ame a constant threat to humans and the environment. Depending on the
pH, they can be present in acidic media (pH 0-4) in the form of soluble complexes (Cr,
[Cr (Ha00g**]), while near neutral (pH 6-9) inert precipitates (Cr (OHz) (s)) can easily be
adsorbed on solid media [15].

HM ions are present in different concentrations (trace and shock concentrations) and
forms [19,20], in combined industrial and municipal wastewater streams. sposal of
treated wastew ater into the environment neessitates adjusting its pH to neutral. Especially
for recycling of HM ions and water reuse [19,21], this nweans raising costs and increases
the complexity of the pretreatment process, as well as increasing the addition of excessive
amounts of chemicals [19,21].

Therefore, it is necessary to act sustainably and environmentally consciously by me-
moving HMs from the highly polluted wastewaters using technology / methods that allow
the removal/ recycling of HM ions [4].

Currently, different conventional methods ane used to remove HM fons from wa-
ter/ industrial wastewater [5,11], such as precipitation [22], electrochemical removal [23],
ion exchange [24], membrane filtration [25,26], coagulation [27], flocculation [28], and
sorption on natural materials [29]. Although these methods are effident in emoving HM
ions, they do not allow the recycling and reuse of HM ions. Some aleady well-established
methods for the removal of HM ions produce toxic coproducts and large amounts of waste
shadge [30], e, membrane filtration and coagulation/ flocculation [31]. Moreover, these
methods are often costly and energy-ine ffident [30].

Om the other hand, the adsorption method is well known, effident, and used for the
removal of HM ions due to its low adsorbent and operational costs and simple princi-
ple [5,11,12]. Adsorption can be performed with various natural materials [29] and other
hybrid materials based on silica and iron mcide NPs (y-FeaOy, FesOy), as well as their
functiomalized forms [32-36]. The most commonly used adsorbent of HM ions from in-
dustrial and leachate wastew aters is activated carbon [31] Activated carbon is effident in
the removal of HM ions from wastewaters, due to its high spedific surface area, microporne
volume, and pore volume [31,33,37-41]. At the same time, limitations of its use include
noreselectivity and high material price. Furthermone, activated carbon does not enable the
recycling and regeneration of HM ions and the adsorbent itself, and for now it does mot
enable the circular economy approach [31,33].

e to the increased need for recycling of munidpal and industrial wasew aters [42]
research in nanotechnology is investing in the preparation and testing of functionalized
(nanojmaterials that can improve the recycling of spedfic HM ions [34,36,43,44].

Maghemite (y-Fea(4) is a member of the family of iron oxides. It has a cubic spinel
ferrite structure, and it is ferrimagretic When reduced to particle dimensions smaller
than a certain domain—ie., becoming a single domain—emimagnetic materials exhibit
superparamagnetic behavior, which means that when an external magnetic field is applied,
they magnetize, but when the magnetic field is removed, they no longer exhibit either
mesidual magnetism or coercivity

Such superparamagnetic nanoparticles, if they ame surface- functionalized, provide
promising applications in the adsorption of heavy metals from aqueous media, as they
enable more efficient separation and recovery of heavy metals from the contaminated agque-
ous medium using an eximal magnetic field [45]. On the other hand, surface modification
of superparamagnetic y-FeyOs nanoparticles with TEOS and APTMS precursors improves
their stability, prevents them from agglomerating, and increases their surface functionality
by increasing the number of adsorption sites (-MHz), facilitating and accelerating diffusion
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pathways for heavy metal pollutants [46,47]. Despite all of the advantages of superparam:-
agretic y-FeyOs nanocomposites for use in environmental technologies, the policy debate
on their satety should not be ignored. Their toxicity is still an open question, even though
much research has recently been carried out on this topic [48,49].

Surface functionalization of yFea(y nanoparticles was performed via a sol-gel method
irv obeing base-catalyzed hydrobysis and co-condensation of tetra-coordinated alkoxysilanes
in an aleohol medium Tetra-coordinated silanes can be described by the general chemical
formula B 5i{0R )y, 0= x < 3, where OR is the hydrolyzable part (e.g., methooy, etho,
etc.) and R’ is the non-hydrolyzable part of the structure with functional substituents (e.g.,
amino, mercapto, carboxy, etc. ).

Ideally, itwould beexpected that the 3-aminopropy ltrime thoooysilane (AFTMS, (CHy O)s-
Si-{CHa)a-NHa)) molecules on the surface of the yFea0y particles would polymerize into
a highly homogeneous crosslinked 5i0h coating with functional amino (-NH;) groups
present However, the presence of a non-hydrolyzable fraction in the AMPTS structure
((CHaO)a-5i-(CHz jp-NHa)) causes steric hindrance, and the ebectron density on the silicon
(5i) atom increases due to the inductive (+[) effect, which decreases the rate of hydrolysis
and condensation of the AFTMS and increases its tendency for homocondensation. The
chemical reactivity is thus slowed down, leading to an undesied heterogeneous distribu-
tion of functional amino (-MHz) groups with an insufficent surface coverage of the yFea(Oy
nanoparticles [50-52).

In contrast to AFTMS, under base-catalyzed conditions, the reactivity of etreethmoysi-
lane (TEOS, S(0CHCH4)y) is enhanced due to the number and nature of the alkoexdde (ie.,
ethooy) groups, which have a key influence on the crosslinking rate. This higher reactivity
of TECS can be attributed to the inductive stabilization of positively charged intermediates
and transition states in the hydrolysis and condensation reactions by the ethoocy growps [53]
Therefore, TEOS was used as a crosslinker and APTMS ((CH3O)-5i-({CHy)s-NH; )) was
used as a supplier of the -MH; functional groups.

In this way; it was possible to create uniform spherical yPesOy @505 NHa core—shell
structures with the presence of amino (-WH3z) functional groups on the surface of the
nanoparticles, which are requined for the subsequent binding of heavy metal ions from
water [54].

The adsorption process of heavy metal ions for an adsorbent is highly dependent on
the initial pH of the solution, owing to its emarkable effect on the speciation of metal
fons [3].

Ifwe take a closer ook at the speciation of Cr, Ph, and Hg, we can find that at an
acidic pH value, the predominant Cr{V1) species consist of HyCry", HCHO, ™, Ty,
and Crx042™ [5,55] while Cr{lll) remains mlatively stable in acidic media and is more
likely to be axidized to chromate in alkaline media [56]. For Pb{Il} in the pH range from
2 to &, the dominant form is positively charged Pb?* species, while when the pH values
increase above 7, other Pb{ll) spedes—including Pe{OH), PoiCOH)E, and Poi—are usually
present [57].

Mercury has two common cations in aqueous solutions a di-ion, Hga™, composed
of two singly charged ions; and a doubly charged ng". Diagrams of Eh-pH indicate that
Hg(l) is stable only within a narrow band of Eh values in acidic solutions, while HgII)
is the dominant form of the Hg spedes in most aqueous solutions [58]. The hydrobysis
mactions of Hg(Il) are significant at pH = 1, and different hydrolyzed forms can be formed
depending on the aqueous mercury concentration [59] At low aqueous mercury concen-
trations, the dominant hydrolysis species formed are HgOH™ and Hg{OH)j.), while at
higher mercury concentrations the formation of [—IEZ[CI'H:Q:"" and I—Ig{D[—IJg‘ at pH = 13 has
been reported [60].

Insoluble metal spedes will usually not form at pH = 7.2 as long as their concentration
is below the solubility mit [61-63]. Therefore, at acidic pH values, the removal of positive
heavy metal ions is mainly accomplished by adsorption. In contrast, at higher solution pH
values, the precipitation of metal hydroxides or even axides (eg., Pi{OH),, Pp0, Gy,
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etc.) can ooour as a consequende of the low solubility of metal ions [57]. Therefore, at higher
pH values, precipitation of insoluble species may take place at the same time alongside
adsorption in the process of heavy metal emoval, negatively affecting the adsorption
effidency [64].

Many studies have shown that metal ions start to precipitate as hydroxides or coides
when the solution pH is abowe 7.2. To avoid predpitation of the metal ions, all adsorption
experiments should be conducted at a pH below 7.2 [56,61-63].

Momeover, the adsorption capacity of heavy metal ions deceases with increasing pH
values. Specifically, it was shown that the maximum adsorption capacity of CriV1) is
observed at a pH of 2 [5]. Moreover, the optimal pH for adsorbing Po(ll) was shown to be
around 5.5 [65], whereas itwas about & for Fea () @85i0:-NH; magnetic nanoparticles [54,61].

Furthermore, it is generally known that iron ceddes (yFeaOy, FesOy, etc.) suffer from a
tendency to aggregate and decompose in add-negenerated solutions; thus, to aveid the risk
of potential dissolution of iron cxide cores at low pH, in this study, we instead used them
in adsorption processes at pH > 3, despite silica shell protection (yFepOs@Si00-NHz) [61].

Iron oxide nanoparticles—ie., goethite (e-FelOOH), hematite (ax-Fes(Oy), magnetite
(FesOy), maghemite (y-FexO4) [66-70], —show moderate affinity towards HM ions on their
surface. They appear more applicable if the surface is stabilized [71-73], and enlarged by
coating with silica NPs {-5i0k ), whereby agglomeration is prevented [74]. Additionally, by
using different functional groups [71-731—e. g, amino (-NH;) [34,66-68,7576], mercapto
(-5H) [77,78), carbeeoy (-COOH) [79}—the adsorption efficiency and adsorption capacity of
HM ions can be improved [33,34,71].

Adsorption studies of HM ions from model water by various magnetic nanoparti-
cles (MNFs) and functionalized magnetic nanopartickes (F-MINFs) show that the maxi-
mum adsorption capacity of specific HM ions—ie., for lead [44,61], mercury [80], and
chromium [5,51}—can be obtained in less acidic pH.

In Tables 1-3, the adsorption capacity and desorption efficiency are compared for the
tested MMNPs and amino-functionalized MNP at the optimal model solution pH values for
adsorbing individual HM ions {e.g, Pe®*, CrT/Cr**/ Cr®, and Hg™),

Table 1 shows comparison of the adsorption capacities and desorption efficiency
for Pb®* ions by non-functionalized and functionalized MNPs. [t can be seen that the
adsorption of Pb™ jons was tested mostly at acidic pH, and that the adsorption capacity is
higher for the cases of functionalized magnetic nanomaterials. Ahmadi et al. (2014) [35]
prepared y-Fes(ly NPs via the wet chemical method and tested adsorption at pH 7.5,
while Nicola et al. (2020 [82] synthesized PeyOg@5i05 NPs and found that the adsorption
capadty on non-functionalized MNPs was relatively low at pH &0 (10.55 mg/ g) but a
shade higher (149 mg/ g} for 5i0y-stabilized magnetic nanomaterials [82]. Nicola et al.
(2020 [82] also tested the desorption efficiency of Pb?* ions with 5% HCL, and the final
desorption efficiency was evaluated as 95.7% [82]. Cian et al (2019) [36] stated that the
adsorption capacity of materials functionalized with chitosan and with an amino group
(NHg-functionalized FesOy /chitosan NPs) at pH 5.0 was not significantly better compared
to NHa-functionalized Fey(y materials. Higher adsorption capadity with FeyOy NPs coated
with activated carbon was achieved at pH £.0 [83], while Huang et al (2020) [5] reached
53.9 mg,/ g with amino-functionalized graphene adde at pH 5.0. Wang et al. (2010 [43] and
Tang et al {2013) [34] stated that even higher adsorption capacity at pH 6.2 (76.66 mg/g)
can be achieved by pre-stabilization with 510 and amino-functionalization of magnetic
materials (PeyOy@Si0y-NH; NPs). Tang et al. (2013) [34] achieved 8229 mg /g with amino-
functionalized FeyOy@mesoporous 50 core-shell composite microspheres at pH 5.5. In
polyethy lenimine (PEI}-functionalized FeaOy magnetic nanoparticles (MNPs) (pH 5.0,
adsorption capacity of 60.98 mg/ g for Pb2* jons was reported [54]. A maximum adsorpton
capadty of 60 mg/g at pH 5.0 was achieved using composite beads of Zer mays rachis
(ZME) and sodium alginate (AL) as adsorbents [85]. Luo et al. (2021} [85] reported the
adsorption of 287 mg/ g by carbon-doped Ti0: (C-Ti0y) at pH 6.5 for the adsorption of
Pb™. The comparison of adsorption capacities showed that the adsorption capacity of Pb™
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ions depends on the pH of the medium, stabilization, and, to a large ectent, the presence of
-WNH; groups.

Table 1. Comparison of adsorption capacity and desorption efficsency for tested MNPs and amine-
functionalized MMNFs at the optimal model sobution pH for adsorbing Pb** jons.

Tested Adsorption Desarption

Adsorbent HM lons pH Capacity Efficiency Reference
y-Fez( NPs 75 1055 mg/g - [25]
Fey Oy @50, NPs ) l49mgig 9% &3]
NH -functionalized Pe, (0 chitosan NPs 5.0 I246mgiy - [24]
MHr-funchionalized Fers NPs 50 330mglg - [24]
Magnetic composite of activated carbon and supetparamagnetic Feq(y i
MP's (FiesCg@C magnetic rompesite) G0 417 mgdg =TT [&3]
MHr functionalized y-Fea (s NPs (y-Fex0y @MNHz NPs) an Eismg'g WL This work
Aminc-functionalized graphene axide (GO-NH, ) S 50 S8 mgdy - 141
L3 mmmal
FeyOy@S0:—NH; MNPs 6.2 ?ﬁﬁmﬁ-"ﬁﬁ: - 143]
Amnino-functionalimed ]-"4:|D.|,ﬁi:n=:npmum S0y com-shell cn:u:rrpnn'lz ig 8220 mg/s ~ 23]
microsphees
MHr functionalized y-Fea 0y NPs (y-Fe 0, @MNH; NPs) 70 Blemg'g % This work
Pol lenimine (PEI-functionalized Fe304 bic icles
e thylenimine e Tmagnehic nanopartc pHEO  s0ssmg/g [54]
Composite beads. of Z ez meys rachis (ZME) and sodium alginaee (AL) pH 54 Brmgds |&5]
Carbor-doped Til: (C-Ti:) pH &S 287 mglg [es]

* calculated.

From the literature, it can be observed that higher adsorption of Cr* /0% CrT ions
was achieved using amino (-NHz - functionalized MMNPs (Table 2). The highest adsorption
of Cr¥* jons by bare MNPs was reported in the literature [72,57,88]. Zhang et al {2020 [11]
used bare magnetic magretite NPs (FeaOy) for the adsorption of Cr?* ions at pH 4.0 and
achieved an adsorption capacity of 867 mg/g. Additionally, in acidic media (pH 2.5),
Gallo-Cordova et al. (2019) [72] performed adsorption of Cr* ions using bare iron meide
magnetic NPs and eported an adsorption capacity of 15.0 mg/ g, while Hu et al. {2005) [17]
achieved a very low adsorption capacity of 19.2 mg/ g using maghemite MPs (y-FexOa).
Zhang et al (2020) [11], Gallo-Cordowva et al. (2019) [72], and Hu et al ({2005) [17] also
performed desorption with NaOH, achieving desorption efficiency of »75%, Z100%, and
B77 %, respectively. Other studies used amino-functionalized MNPs and adhieved higher
adsorption capacity in acidic media (pH 2.0 to 3.0). Adsorption of Cr** ions at pH 3.0
was performed using amino-functionalized magnetite NPs (NHa-FeaOy) [89]. Baghani
etal (2016) [8%] achieved an adsorption capacity of 2435 mg/ g and desorption effidency
of 98.02%. Even better adsorption (ie., 35.0 mg/ g) was reported by Gallo-Cordova et al.
(2019) [72] using APTESE@TEOSEMMNP at pH 2.5, and the desorption efficdency was also
high (=100%). Zhao et al. (3010) [44] prepared NHy-functionalized nanomagnetic polymer
adsorbents. Functionalization was performed with different precursors (e, EDA-, DETA-,
TETA-, TEPA-). A maximum adsorption capacity of 38.5 mg/ g at pH 2.5 was achieved
using TETA-functionalized nanomagnetic polymer adsorbents. In another study, 400 mg/ g
of Cr** ions was adsorbed at pH 2.0 by TEPA-functionalized nanomagnetic polymer
adsorbents [64). Huanget al. (2020 [5] reported the adsorption properties of functionalized
nor-magnetic materials at pH 2.0, Using amino-functionalized graphene oxide (GO-NH;z),
Huang et al (2020) [5] achieved 90.4 mg/ g, which is the same adsorption capacity that
we achieved with MHz-functionalized y-Fea(Os NPs {y-Fe:Oa@8NH2 NPs), but at alkaline
pH 7.0). The maximum adsorption capacity for chromium(VI) ions was 76.92 mg/ g
at pH 3.0 when adsorbent carbon-encapsulated hematite nanocubes (aFeyOy8C) were
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used [20]. Puszkarewice and Kaleta (2019) [91] used activated carbom as an adsorbent, and
the maximum adsorption capacity for chromium(¥ ) ions was 4.35 mg/ g at pH 2 [91].

Table 2 Comparison of adsorption capacity and desorption efficiency for tested MNPs and amino-
functicnalized MMNPs at optimal model sobution pH for adsorbing CrT A0 SO /CrVI) ions.

Tested  Adsorption Desarption

Adsorbent HM Ions pH Capacity Efficiency Reference
Magnetic magnetite NPs (Fealy) 40 L& my/ g =75% [&7]
Iron aide magnetic NPs (MNPs) 15 150 mg/ g =10r% [F2]
Maghemate NPs {yFe,Og) 1] 192 mg/ g 7% [8£]
MHz-functionalized yFe: 0y NPs (y-Fe O8N H: KPs) 40 M0 mgg - This waork
Amino-functonalived magne tite WNPs (WH;-Fe,0y) a0 M mg'g SE02% [85]
APTESSTEOSSMNE 15 Bomg g =106 2]
WH-functonalinesd nan b mer adsorbents .
: o a3 mamgs - e
T /O™ (O OV
MH-functionalied nan ot mer adsarbents |
pirsur 215 Timgg - [44]
Nﬂﬂmmhzsd.nmmnﬁmbcpab- mer adsarbents | -
(TETA-NMPs) 1] BEmg/ g [44]
WH-~functonalied nan b mer adsorbents .,
¥ mm]‘”'y 20 a0 me g - [44]
Amine-functiomaline d graphene ocide (GO-NH,;) 10 WA myg g - [4]
MHz-functionalized yFex0y NPs (y-Fe 00 8NH: KPs) 7.0 A4 mglg Be7% This waork
Carbonrencapsulated hematite nanocubes [oke 20568C) FH3 7692 mg’ g [20]
Activated carbons FH2Z 1¥mg'g [#1]

The maximum adsorption capacity for Hg®* (Table 3) was 32,88 mg/ g at pH 5.0 using
carboeyl-ferminated hyperbranched poly (amidoamine) dendrimers grafted onto superpara-
magretic NPs (CT-HPMNPs) as adsorbents, and the madimum desorption effidency was
5% (using HNOy acid) [92]. Wang et al. (2013) [93] used thodamine-hydrazide-modified
Fes()y as an adsorbent, and the maximum adsorption capacity for Hgl" was 7.4 mg/ g at
pH 7.5 [93]. Bolivar et al (2018) [80] performed a study of Hg™ ion adsorption, in which
FesOy nanoparticles coated with amine organic ligands and yam peel biomass displayed a
maximum Hg?* adsorption capacity of 80 mg/g at pH 7.0 [94]. The maximurn adsorption
capadity for Hg?* was 50 mg/ g at pH 7.0 when an adsorbent nanocomposite based on
Fe;Oy nanoparticles, chitosan nanoparticles, and polythiophene was used [95]. Dun Chen
etal. (2016) [96] studied the adsorption of ng* using magnetic adsorbents (Fes Oy @50
NH-HCGs; HCG = py (2-pyridinyl); pyd (3-pyridaziny)) formed by grafting of different
he e rocyclic groups onto amino groups via substitution reaction. The maximum adsorption
capacity for FeyOy@50y-NH-HCG- (pyd) and FeyOy@50y-NH-HCG- (py) was 77 mg/ g
and 56 mg/ g at pH 7.0 [96], espectively  For both adsorption materials, HCl was used
as the desorption eluent, and the stated desorption efficiency was 95% [96]. Hao et al.
{2021) [97] performed a study of Hg?* ion adsorption with Armeniaca sibirica shell acti-
vated carbon (AS5A C) magnetized by nanoparticles (FesOy / ASSAC), showing a maxinmum
adsorption capacity of 97.1 mg/ g at pH 2. At pH 5.5, Zhang et al. (2016) [98] studied the
adsorption of Hg?* ions with activated carbon (XLAC) derived from Xanf hoceras sorbifolin
Bunge hull as an adscrbent, showing a maximum adsorption capacity of 235 6mg-g 1. A
maximum adsorption capacity of 162 mg ! for Hg®* ions at pH 5.0 was achieved using
cadmium sulfide nanoparticles doped in a nanoadsorbent fabricated from polycaprolactam
{nylon 6) nanofibers (CdS, Me) [99].



Chapter 3.2. Publication 2

75

























































































































































































































































































































































