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ABSTRACT

Surface modified Zerovalent iron nanoparticles (ZVINPS) are one of the most sought-after
metal nanoparticles for groundwater remediation. In the area of water research, modified ZVI
nanoparticles gain popularity because of their high efficiency in deactivating hazardous
contaminants (both organic and inorganic), prolonged stability, recyclability, enhanced surface
area and environmental friendliness. However, they suffer from rapid oxidation and agglomeration
due to large surface area. To circumvent the issues, a significant progress in modifying ZVI
nanoparticles using various techniques have been made in recent years. So far, Control Release
Materials (CRMs) are mostly preferred techniques for application of these modified ZVI
nanoparticles in groundwater remediation, since slowly released ZVINPs from a polymeric
wrapper may retain their activity for prolonged period of time without undergoing significant
agglomeration. In our work, we have developed ZVINPs encapsulated biodegradable polymer
particles that may release iron nanoparticles in controlled fashion for in-situ groundwater
remediation. Lab scale studies (both batch and sand column) simulating the ground conditions,
and their various challenges such as transport of ZVI nanoparticles towards groundwater are
discussed and demonstrated. Ultimately, ZVINPs encapsulated polymer particles exhibited slow-
release technology for in situ groundwater remediation of both hydrophilic (methyl orange dye)

and hydrophobic (trichloroethylene) water contaminants.

To begin with, in the second chapter, electrospraying technique was used to
fabricate microparticles comprised of biodegradable PLA (polylactic acid) and ZVINPs at a ratio
of 10:1. Around 8 wt% ZVINPs was slowly released from the composite microparticles after 60 hrs
and 32hrs of incubation in water, to fully remediate methyl orange (25mg/L) and
trichloroethylene (0.2 vol%) from water, respectively. The results from the sand column study
show that released ZVINPs from composite particles could effectively remediate water
contaminated with methyl orange solution (25 mg/L) completely over 1.5 months. The usefulness
of the slow release remediator was also verified by monitoring the pH and conductivity of the
effluents collected from the sand column. The storage stability of encapsulated ZVINPs was vastly
improved (>1 month in open air) as compared to bare ZVINPs (1 hr in the open air),

and recyclability of the particles was also evaluated (reused up to 4 cycles). These PLA based


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/groundwater-remediation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/microparticles
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/recyclability

microparticles fabricated in a single step, can potentially act as slow-release reservoir to remediate

groundwater contaminants irrespective of their hydrophilicity.

In the third chapter, the study aims at improving the hydrophilic property of the polymer
particles to facilitate their dispersibility in water. In order to accomplish the goal, three simple
steps were adopted such as: 1) electrojetting of PLA (polylactic acid) with FeCls (~17 wt%) to
yield ~700 nm sized monodisperse spherical particles (PLA_ FeCls) 2) surface modification of
PLA_FeCls particles using oxygen plasma to enhance surface hydrophilicity and porosity (~ 75%)
3) reduction of plasma treated PLA_ FeCls particles in presence of NaBH4 to produce ZVI1 (size:
20-50 nm) entrapped PLA particles (PLA_ZV1) with high encapsulation efficiency of iron (~85%).
The plasma treated semi-porous PLA_ZVI particles exhibited slow and sustain release of iron
(~90% in ~100 hrs) that were further employed to completely decontaminate both methyl orange
(hydrophilic dye) and trichloroethylene (hydrophobic waste). Interestingly, the plasma treated
particles were recyclable up to fourth batch, whereas the non-plasma treated one hardly show any
recyclability due to burst release of surface entrapped iron from the latter. Moreover, the plasma
treated hydrophilic particles provided stable dispersion (96 hrs) and prolonged reactivity (~10 days
in sand column) in water as opposed to non-plasma treated particles displaying 1 min dispersion
stability in water. As a result, the plasma treated particles displayed smooth transportability
through sand column (>80%) with negligible attachment efficiency (a)=1.1 onto sand particles.
These attributes make them a potential alternative to bare ZV1 (transportability <20%) for targeting

hazardous pollutants by injecting them in groundwater.

In the fourth chapter, the aim of the study was to encapsulate the ZVINPs (50 nm) in
amphiphilic  bicompartmental Janus particles (711+11nm) fabricated by EHDC
(electrohydrodynamic co-jetting) to further improve water dispersibility and transportability of the
polymer particles. The dual compartments were composed of PLA (polylactic acid) and a blend of
PLA, PE (poly (hexamethylene 2,3-O-isopropylidenetartarate) and PAG (photo acid generator).
Upon UV irradiation, PAG releases acid to unmask hydroxyl groups present in PE to make only
PE compartment hydrophilic. The entrapped ZVI nanoparticles (20 w/w%; ~99 % encapsulation
efficiency) were observed to degrade both hydrophilic (methyl orange dye) and hydrophobic
(trichloro ethylene) contaminants. UV treated Janus particles provided stable dispersion (dispersed

up to 3 weeks in water), prolonged reactivity (~24 days in contaminated water), and recyclability

Vi



(recyclable up to 9 times) as compared to non-treated ones. In addition, the amphiphilic Janus
particles demonstrated high transportability (>95%) through porous media (sand column) with
very low o= 0.07, making them a promising candidate to target contaminants at NAPL/water

interface prevailed in groundwater.

In the last chapter, transportability of these three types of ZVINPs entrapped polymer
particles (as described in chapters 2, 3 and 4) through sand column were investigated in details to
compare their performances. Aim of this study was to determine the effect of transportability
(through porous media of varying porosity (31-35%) of different types of polymer particles
encapsulating zero valent iron including monophasic PLA-ZVINPs (P1, chapter 2), plasma
modified PLA_ZVINPs (P2, chapter 3) fabricated using electro spraying technique, and
amphiphilic Janus particles, i.e., PLA_ZVINPs/PLA_PE_ZVINPs (P3, chapter 4) fabricated using
electrohydrodynamic co-jetting technique. These particles displayed high reactivity towards water
contaminants and marginal to high stability in aqueous media with varying ionic strength. The
transport behavior of these particles in a diverse array of natural porous media was evaluated in a
series of lab experiments. Among the three, the amphiphilic Janus P3 particles exhibited best
transportability through the sand column of varying porosity under various ionic strength
conditions. For example, sand with low porosity (31%) resulted in increasing the C/Co (normalized
concentration of effluent, i.e., ratio of amount of iron passed through the porous media over amount
of iron in the feed particles) value for P3 polymer particles (best performer) at 1.5-2 pore vole
whereas in case of high porosity (35%) sand, the C/C, values started to rise at 1-1.5 pore volume.
The impact of different types of ions such as monovalent (NA*, K*), divalent (Ca** and Mg?*) and
trivalent (AI**) on these particles during their transport through sand column filled with
contaminated water was also explored. Interestingly, AI** showed highest impact in lowering
down the stability of polymer particles while passing through the sand column. In addition, o
(attachment efficiency) value of these particles on sand surface in presence of various salts was
also found to be increased from 0.09 (Na*), 1.09 (Ca?*) to 2.1 (AI**) for P3 particles (best
performer) showing maximum reduction of particle transportability in presence of trivalent ions at
highest salt concentration of 200 mM. Overall, it can be stated that among the three, amphiphilic
Janus P3 particles hold a great promise to be considered for groundwater remediation in situ. In

future, a real field application of P3 particles will be considered.
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RSIES

g M SiRIddie SMRA AaeHma (ZVINPs) Yold IUAR & fore o 31w
AT a1 4T AR & 9 U & | O U™ & &3 8, YN ZvI S s avTd
gD (SIfdd 3R ABEHD G, T THT db RURCT, Tl 39d Idg & 3R Jgiavul
ferar o1 fAfsra B § S99t I &dT & SR Al DAl UTd 3d & | 81T, 3 98 Ide
&3 & HRUT dolt Y SHTRITHN 3R & U T & | gl DI GRIBAR I & oI, Tl & auf §
fafirst dap-iiep! T START FReb ZVI AUl Bl TN R H Ag@qu! WIfd 88 81 3d dp,
YOId SUR H 37 GRT zvI FHI60 & Iy & forg fa=or Refts Wit (CRMs)
WTETR TieieT daid 5, difds eiR-¢fR Teh Sgad 3R § ZVINPs SR} fort forT Ageayquf
X P [T dd T d SO TTAfaf S @ T d 8 | 30 1 H, g S sUsad uraiiR
HUT &1 B aTa ZVINPs [aw Rid fhe € St 39-3i Yold SuaR & fod Fafa adtes & smRA
1B B BIS Tebd & | TANTRITET THM TR T (99 3R Id TH ) ST gRfRufaat
BT SIHU HRd ©, AR 3! AT ATl ol b Yold &1 3R ZVI A1l & IRag IR
i 3R UeRA fhar Sar 81 8fdd:, ZVINPs T gIESihiae (HURd 3RS S8) 3R
g3 SIhIfad (CIRFIRIZUTZ) el HgUP! & WIg Yold IUAR o forg it fa I Refter g1
qTelt da-ich 1 UaRH foba|

I HRA & L, gER 31 H, IEIfSHSad PLA (Ulciiciided TRIS) 3R ZVINPs &I
10:1 & 3FUTd H AIShIUIiched g1 & [T SAFCURT ddb-iid BT IUANT fohdT 7 T
TTHT 8wi% ZVINPs &1 UM H 60 ¢ SR 32 6 & SHWRH & §ig dR-ofR v
EHUies § gad fear mr, aifs ot @ Ho: fuga siSl (25mg/L) 3R
TR (0.2v01%) Y TR ARE T 31 favdlT off Wb | TS HIcTH 37e0a & Aol §drd &
fob g UM I TRY ZVINPs TS RS TR (25mg/L) I g Ul &1 1.5 TaH T U
TG U 31 X UPhd ¢ | 30 WY I Ul [T T Sfedma ot Uigd SR ATedhd] $I HIRTHT B
et il I Refisl WeueR &t SuAfirar o U wanfid fosar mam 411 =7 zvINPs (gt gar &
1hr) B} T H T RACS ZVINPs BT HERUT FRRRAT T S0 GUR §3MT (> Fai g1 H 1 Hg 1),
3R BN DT J<ishUT & o1 T Jedieh- a1 7T (4 bl 0 G SUAIT fovan 71 | 3 diuerg
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TR AU e Ueb &t TRUTH 716 U €, S WHIfad = u § it 7ifa & st sramera &
U A B B AHd &, S YOI UGHD| I 3! SIS b eIRIc] b JTasle g R qdhd ¢ |

dRR i |, 3 BT 35T IgAd HUN DI 12Nt iard AUt H YR HAT §
T Ot H ST BhalTd &1 GaUTSTdh ST ol Toh | e B ORT B & fa7g, I IRl ed
3TATE T SIY: 1) FeCI3 (~17 wi%) & TTY PLA (TTciiciiaed TRTS) &I IadesliedT ~ 700 TTUH
THR & AFIFSTT MATHR B (PLA_ FeCl3) U &4 & AU 2) Pt Idg Ixmed
PLA_FeCI3 U1 Tdg P! BI3SITBIAIRIC] 3R TR (~ 75%) TG & AT St wiTeHT &1
IUANTHI g & 3) NaBH4 &1 JufRf B wieHT SU=NRT PLA_FeCI3 BN &1 Bt ZVI (3THR:
20-50 nm) T §U PLA FUIf (PLA_ZVI) &I I TSGR & 1Y ITF H3 & ol g B!
&l (~ 85%) | TTSHT IR 37¢/-3RIRTPLA_ZVI FHUN A &g b1 it 3R fFARaR el (-
90% ~ 100 ©e H) HT U foar ot for frTza 3 (838 Wi ST18) 3R TrgaaRIuiyd=
(@ETESIBIad URIP) T B T3 IRE F DICURIT B3 o forg St Fenfora faram i )
feeaey 91d g8 § & o Su=ia o1 91d o9 9% GAahUl I 3, Said TR-WeH]
IYATRG BT 91E a0 § Tag § B dle & e &b HRUI TS 8l dhis T Ul I3[ § | 39
3{TET, WITSHT SURRT gIegithiard HU Ul & fRR g (96 ©e) 3R dd IHg d&
gfafrareieds (d Wy & ~ 10 fa) UeM H=d €, s o=t 7 1 fire hara fRRar vefkid s
el TR-WITSHT SUATRG HUT & [quRId § | i ToId, WToHT SU=TRd Ul A ¥d & BT UR {10
TG T&T (o) = 1.1 B T Id TH (> 80%) P H1eHH I el uRag emar ueffd &t 3
fIRITATE I8 YT T §olae B WaRAID UGND! DI Aled B o fre 471 zvI (URag e
<20%) & T U YHIfd fashed a1 B

Y AT T, g BT I EHDC (FAd RIS SISITHING di-uifen) grT Ffifd
Wit id IRleIUICHed o-d dificded (711 + 11 TAWH) § ZVINPs (50 TATH) &
TG RIAC HAT T, dlfch U & Trard 3R Sgads Ul i UIRag &t & 3R JuUR g1 T |
I & PLA @idiafded wRE) SR PLA, PE (Wil @RMRE  2,3-0-
STESAMUTEferSexe) 3R PAG (Wic! TRIS SiMYex) & fgor ¥ &+ 1 gdt fafemor R}, PAG
ToIG eSS iad gl P ARG HR- & 7T TRIS IR T ¢ | PE & Had PE HHCHS




gISSITthfele - & forT| Gl §U ZvI AFId Ul (20 w/w%; ~ 99% TAGTIAR G&fd) Pl
gIESIthiad ((HURT 3RS STE) 3R RSB (CIEFAR! TRITH) WGy g & =l
feam & fore et a1 gdt Iu=iRa ST &0 Ue fy U IR-Su=d @t &t gar J
fRR Hag @ # 3 Tde & Bal g3, dd 9T d@ Ufdfharddmdl (~ gid Tt & 24
&), 3R Gl T (9 T[T I GA<iehU) | S STaTd], TR Ifthioldh SIFY HUT A 3= IRkagH
&TAT BT TR T (>95%) FRIRT HfSaT R TH) & HA1egH § dgd HH o = 0.07 & 1Y,
38 Yol & Yafeld NAPL/ATER Scxthd | g UGKIl &I diérd o o It Ueh SMRIToS

SR ST 2|

3ifa 3ream H ¥ WY & H1egH 9 37 <9 UHR & ZVINPs Tl U Igad HUTT (o
foh 31ezmg 2, 3 3R 4 # afdfd g) &1 uRde &l B 3% U &1 ga-T &34 & forg faavur
T S B TS R T 3 BT I B RIS Huau-siedieTdt (1, 31eard 2), wWieHT
TN fuau_Siedieadt (i, s 2) fed SIRY ddic SR &1 JHTed B ard fafid
UHR & GIHER DHUN & SHHT-3eT TREAT (31-35%) b IRSRT Hifedr o qreny § uiRkagH
&TAT o THTG B FUTRT BT UT1 P2, 31T 3) Saide] WIS A1 Bl ITANT B HiHd,
3R Uil @ &0, TFN,  PLA_ZVINPs/PLA_PE_ZVINPs (P3, (&A™ 4)
SRR SIS IATHG g-SIfcT ddb-1dh T SUANT HRb 1Hd | 37 HUI A U & gfod gardf
¥ ufa 3= ufdfsrar uelRfa @1 ik ety & Wuid @ = R uelRfd @11 ierT- et
S dlehd b 1Y HfSAT| Ui IRIRT Hifsar & U fafdy w=uft § 39 FHoll & uRkag
AgR BT Gedich TARTRITS YRT b1 Uh §al | fobam 711 41| fiHl §, Tpifthferes Sid
U3 Sl = fafid TR o T8 SIaT-SIelT AR o ¥ X o ATeH ¥ Faiad uRkde- &ddr
&1 UeRH fHan s wfad &1 R Ieeur & [N, S8 I8dT (31%) ardl Xd &
RUMAGREY C/Co (WG d ATsdl) ¥ gia g3 | UdTg &1 UaST, a1 HIg HUll H dlg Bi
TET Y 3fde IRIRT HIfSaT & H1eqd 9 Uiikd dle & A1 BT 3UTd) P3 Sgad Ul o forg
T (Fa98 UERH) 1.5-2 UR did R S 3 5% (35%) & A | ¥d, C/Co AM 1-1.5
T A H dg4 ol | g O & 4R X & WH & A J 37 HUI & IRagd & R
fAft TR & SMaAT O HiHIdde (NA+, K+), ST8dde (Ca2+ 3R Mg2+) 3R feddie (al3+)
& gUTE &1t Tar T | foerey o1d 98 € 6 Tuas+ A X WY § oRd 957 95

X



HUI B FRRAT D1 HF HA T I=aq U9 fo@man| g3 3farar, fafie daon of Iufufa &
Yd B JAg WR 39 BUN BT o (TR THRITE A 1t 0.09 (Na+), 1.09 (Ca2+) J TgBR
P3 BN (FJIY USR) & 1T 2.1 (AI3+) URIT TATI 200 fHt & I=adw THS THUAT R
i sme ot IufRUfa o ot uikag &mdl 8 &l | $o sy, T8 Hel o Yobdl § 1
dHl H 9, Tpifth e SIHY Ui3 HUll § Yoid IUDR o ford g & fdaR fbt S &1 T 581
areT g | Yfawr & p3 HUT & aRdfad & SR IR faar fasar sma|
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Figure 4.32 Recyclability of UV treated Janus (PLA_ZVI/PLA_PE_ZVI) 197
particles by showing a) decolourisation of MO and b) dechlorination
of TCE for batch 1, 2, 9 and 10. All data points are shown as average
+ standard deviation (error bar).

Figure 4.33 Recyclability of UV treated Janus (PLA_ZVI/PLA_PE_ZVI) 197
particles by showing decolourisation of MO for batch 3-8. All data
points are shown as average + standard deviation (error bar).

Figure 4.34 Recyclability of UV treated Janus (PLA_ZVI/PLA_PE_ZVI) 198
particles by showing dechlorination of TCE a) determined using
GCMS and b) determined using NMR for batch 3-8. All data points
are shown as average + standard deviation (error bar).

Figure 4.35 Recyclability of non-treated Janus particles 199
(PLA_ZVI/PLA_PE_ZVI) by exhibiting a) decolourisation of methyl
orange and b) dechlorination of TCE (determined using GCMS) for
batch 1-5. All data points are shown as average + standard deviation
(error bar).

Figure 4.36  Amount of iron left in treated and non-treated particles after each 199
batch of decolourisation of MO. All data points are shown as average
+ standard deviation (error bar).

Figure 4.37 SEM images of UV treated Janus particles (PLA_ZVI/PLA_PE_ZVI1) 201
taken after complete decolourisation of MO after each batch; (a-j)
batch 1-10. Insets represent the zoom in image of the corresponding
particles.

Figure 4.38 SEM images of non-treated particles after each batch of 201
decolourisation of MO. a-e: batch 1-5.

Figure 4.39 a) Deconvoluted a) C1s XPS spectra, b) O1s XPS spectra and d) 2p 202
Fe XPS spectra after decolourisation of methyl orange batch 1.

Figure 4.40 a) Rate of disappearance of Cr (VI) by PLA_ZVI/PLA_PE _ZVI, UV 203
treated for 20 mins, b) representative UV-Vis spectra of Cr (VI). All
data points are shown as average + standard deviation (error bar).

Figure 4.41 Control experiment of concentration of a) methyl orange and b) TCE 204
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Figure 4.42 a) Rate of decolourisation of MO by bicompartmental 204
PLA ZVI/PLA_PE_ZVI (UV treated and non-treated) and bare ZVI
particles while passing through a sand column, b) Rate of
dechlorination of TCE by bicompartmental PLA_ZVI/PLA_PE_ZVI
(UV treated and non-treated) and bare ZV1 particles while passing
through a sand column. All data points are shown as average +
standard deviation (error bar).

Figure 4.43 Change in a) pH, b) conductivity and c) ORP of UV treated 205
PLA ZVI/PLA_PE_ZVI particles. Data was recorded from eluents of
sand column during the decolourisation of MO. All data points are
shown as average + standard deviation (error bar).

Figure 4.44 Change in a) pH, b) conductivity and c) ORP of UV treated 206
PLA_ZVI/PLA_PE_ZVI particles. Data was recorded from eluents of
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trivalent ion. All data points are shown as average + standard
deviation (error bar).

BTCs of P3 polymer particles in saturated porous media under
different ionic conditions a-b) monovalent ions of different ionic
strength, c-d) divalent ions of different ionic strength and e) trivalent
ion of different ionic strength. All data points are shown as average +
standard deviation (error bar).

BTCs of P2 polymer particles in saturated porous media under
different ionic conditions a-b) monovalent ions of different ionic
strength, c-d) divalent ions of different ionic strength and e) trivalent
ion of different ionic strength. All data points are shown as average +
standard deviation (error bar).
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Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

BTCs of P1 polymer particles in saturated porous media under
different ionic conditions a-b) monovalent ions of different ionic
strength, c-d) divalent ions of different ionic strength and e) trivalent
ion of different ionic strength. All data points are shown as average +
standard deviation (error bar).

BTCs of ZVI particles in saturated porous media under different ionic
conditions a-b) monovalent ions of different ionic strength, c-d)
divalent ions of different ionic strength and e) trivalent ion of
different ionic strength. All data points are shown as average +
standard deviation (error bar).

C/Co, obtained from the breakthrough curves of a) P3, b) P2, c) P1
and d) ZVI in different ionic conditions. All data points are shown as
average + standard deviation (error bar).

Interfacial tension values of TCE-water emulsion containing P3 and
P2 polymer particles against particles concentrations. All data points
are shown as average + standard deviation (error bar).

TGA curves of different type of sands.
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