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batch studies.
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Figurel- The prepared test vials 1) Witness vial containing groundwater 2) Vial containing activated carbon micro-

particles 3) Vial containing calcium peroxide nanoparticles 4) Vial containing activated carbon micro-particles and
calcium peroxide nanoparticles.
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Figure2- Biological removal of benzene and toluene from groundwater using calcium peroxide nanoparticles and
activated carbon adsorbent in batch experiments. a) dissolved oxygen, b) pH, c) microbial population (CFU/mL).

Jid 508 SL3 6,5, 4 il ool ounline LG Y
Sgnt 4 i (CA02) puenlS auSTyy &l)346 5 (ALC)
Ol5 4 Ced VO g, 3l ey Ve gus o205l
@ olojiae plas wl b o ols 4 Ca0, w34
Sz bld 4 leesllg e Bl (o9 pole; Sz
ot A8l eien ool Ly b 5 3y S
Woged 4 Cad (Gduo,0 B0 dga> L Koi Salds b oonds
Sl 4l 5luSly wlf 4 ol 4 D3 sl

S o5 il sShee adp cons adlos oz
b G5 Josis g Jlail sy culis g lyea
b ad oslital (s Sl s San 5| Aol s S
53 adllae 059, Froy50 Sl b )5 s sslalae
S g ooz os clotises dimsnl gloile]
SEM Sy Sae bamsgi 5 o (g5bwoolol o alEiyle]
i ¥ SS o a5 shiles 285 )15 pw)n 3590
cho & Jlail sl s Bl oSy S S
Olye a4 oanVlayse 5 (SIS S b g andls JUd oS
layl 1) 055 2di (Sogll (g5lesly anld jo (n)S e
ilos S

VFY

5 GileSL anld s beanVT clale Slpss cwyp b
2, e Sbodlr 4z bl b gl sl
Y OUSS o a5 jsbiler b eamlie sids anld o
Ao GBio ay ol gl STy 39l sl aseiio
2 Ol oglls cde a4 Selgs 0g oa¥T gaus e
R R R S e R O))
a5 3)ls wal 2 Lol )y o sl 525 5 (bt 25Ty
odiiny Sgute ) OF (s B> 5 a3 bl alis ()]
45 05 sanlive HPLC fyg05] 51 Lol s oyt b wouns
W3 5 g Seied odz anlb g0 e lejen (65 S
Solg 05 425 b aS w1y S3sl alanly 4 ol
Wl oo S o0 S5 | (St il g 005 (5enS]
25 SleSh gl pall g plendly Gl 4 e
PPM a5l clale 1) (Sglsi 5 (o5 slooan¥ &S laisSay
S O9) dall aiged b anglie )3 55, £ e 3 (Ve
50 el e Bde JelS jgbas (ean¥T clale jo axg5 LB
a> 4 gy Voo CBSSL gy clle oS oy Jl

ey (S 03I Ryl
oa VT Clile e 10 azgi bl Ciglis o] il iSG
KL 0 &5 AFples g ileshy Gl gl by, b



V¥ Gl o) olod ot JLw «(53909359 0
Hydrogeology, Volume 9, No. 1, Summer 2024

Bloo —e— Blank

—o—mA.C

e}
o

[o2}
o

5
o

N
o

0 «* ’
0 10 20 30 40 50 60

Time (day)

benzene removal percentage(/)

100 —e— Blank
A
80
g‘/
5? 60
c
§ W—"/’
8 40
©
3
£ 20
[
1] — -
§ o—o—0—0— v v ——
=

10 20 30 40 50 60
Time (day)

St lojl 50 Jlad (25 Ol g puadS sy Ol 39ib 1 eoliswl b Sz O 1 (Fgled 9 o3 () Bdo —Y IS

Figure3- Biological removal of benzene and toluene from groundwater using calcium peroxide nanoparticles and
activated carbon adsorbent in batch experiments. a) benzene, b) toluene.
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Figure 4- Electron microscope images of a) the surface of activated carbon particles and b) microorganisms
immobilized on its surface in groundwater.

2 0lS 5 ol il S 0S89k g b ol
09,5 eanled glyie 4 il 5 ik gleean ¥l Bi
@ arg b o855 adlae 3,50 BTEX )13 oS 5
u] Je Lbod.uYT \‘5l.u-|0 A Sz 45 A odalin ‘@L.a
g el 5l Yok Jlems plojine (Mald diged) (o) 2
L ord Bilas 6l az Of pog Gl (28,5 ) 0 |y
@l ol o (Sodl 4 g pliS Bilas ez
00938l 45T 0l Lasine bl e e S Sy
iy ol VeemL oz 4 Sl3gh 5 Y emg e
Bl ay e plyl S oo Sl ls e 51>

Sgd oo anlllas oleY b ooV gao,0 A sga>

1 Natural attenuation

o g b
S sl Gl Mt 5l ey sl (o)l
Sl sl 5 ol Gdle 5 |y ope sl
ol @l ohy Cusal cow 4 (Shao et al, 2021)
SOl GleSly aney 0 )l Slalllae o))

ooliiwl le cpl jo &S ol a8 S50 o)) slaos]
e 9 peelS 3enST ezred delar anSTy SloS 5
GIub 4 e o5 Lo j0 (09 b atws] Sy 4
Dydisr (oips 2l s j3 OlaS 5 cpl aale ¥ oogu
Yang, 2021; Sun et al,, ) 5,55 oo pi A Giow 5l oo
@ e Ol el oslail rals (20215 Ali et al., 2021
oSl @ a8 0sdee x> w4 gl Ced 18
ook o (Alietal., 2021) wb oo Jiali8l 6 iy STy

VEY



V¥ Olansl o o lod cotd JLw (53808559002
Hydrogeology, Volume 9, No. 1, Summer 2024

S 9 aed soa VT Bl o s 4y JLls S
S e glaol

&b

Ali, M., Farooq, U., Lyu, S., Sun, Y., Li, M.,
Ahmad, A., Abbas, Z., 2020. Synthesis of
controlled release calcium peroxide nanoparticles

(CR-nCPs): Characterizations, H202 liberate
performances and  pollutant  degradation
efficiency. Separation and Purification

Technology, 241: 116729.

Ali, M., Shan, A, Sun, Y., Gu, X,, Lyu, S,
Zhou, Y., 2021. Trichloroethylene degradation
by PVA-coated calcium peroxide nanoparticles in
Fe (I)-based catalytic systems: enhanced
performance by citric acid and nanoscale iron
sulfide. Environmental Science and Pollution
Research, 28: 3121-3135.

Bulatovié, S., Mari¢, N., Solevi¢ Knudsen,
T., Avdalovi¢, J., Ili¢, M., Jovancéicevié¢, B.,
Vrvi¢, M. , 2020. Bioremediation of groundwater
contaminated with petroleum hydrocarbons
applied at a site in Belgrade (Serbia). Journal of
the Serbian Chemical Society, 85(8):1067-1081.

Chevalier, L., McCann, C. D.,2008.
Feasibility of calcium peroxide as an oxygen
releasing compound in treatment

walls. International Journal of Environment and
Waste Management, 2(3): 245-256.

Dinh, M., Hakimabadi, S. G., Pham, A. L.
T., 2020. Treatment of sulfolane in groundwater:
A critical review. Journal of Environmental
Management, 263, 110385.

Fagerlund, F., Niarchos, G., Ahrens, L.,
Kleja, D. B., Bergman, J., Larsson, A., Gottby,
L.2020. Pilot-scale injection of colloidal
activated carbon for PFAS immobilization at a
contaminated field site. InEGU General
Assembly Conference Abstracts (Vol. 17615).

Firmino, P. I. M., Farias, R. S., Barros, A. N.,
Buarque, P. M., Rodriguez, E., Lopes, A. C., dos
Santos, A. B.(2015). Understanding the
anaerobic BTEX removal in continuous-flow
bioreactors for ex situ  bioremediation
purposes. Chemical Engineering Journal, 281:
272-280.

Gieg, L. M., Kolhatkar, R. V., Mclnerney, M.
J., Tanner, R. S., Harris, S. H., Sublette, K. L.,
Suflita, J. M. (1999). Intrinsic bioremediation of
petroleum hydrocarbons in a gas condensate-

V¥Y

wL;JLA)Ow

$eS 1o b apxlge 0 Cownl Pl 4SS Ll
Sogll cel lasul a4 pasw, g S a4 3445l a5 Sloe
Ol b aS cul (Sogll ogs o8 o w09 oo (e ]
ooaﬂ ‘) )...m_v )‘ =9 o).'l.wf 9 0l w\bu.u;l.‘ LY ag..j
Regenesis ol ol o580 JSiw opl &8, lp S o0
aS 05,5 as e L 4y |y PlumeStop lgie o Jgaxs
Sl 28 > 5l e xSslr Jpame (ol 05,54 5l Sas
. (McGregor and Zhao, 2021) cewl o py yiws o
Gz by e ol BuP e & BuF L Jpaxe
sybee Fogll sy iS5 S gl e Sol

.(Sorengard et al., 2019)
B9y 3§ s 5O ;%ﬂ Gslaileloay a8 el S5 4y o3V
OMns by og dalyt el Ojgeh DIl s
b, Sooll ol bame (il 5 (Sooll o slaail
el oy ol sy delsl s o 0> CS > A g 0ul
gl lawgs oan ¥ Bi> a0jl Sgte Cuzx LiRgh
3l 1 (Sogll pad by S 18, 58 g penelS 9ST
OBy 99 Bl 5l gl Qe 5l ey (b ()8 @)
kB s a5 cl sus oolial g3leS 5 wis
‘SLD&'LA).V‘ 30 0l 00 5 a4 &ldgl el cuds Jol>
@ e busee )0 Jsle ST Clale T30 b aiegl
g ddy g odd ey ol Glaealsly S Sy
s g |y Lmk'j Codled

S 5 A
Sl sl GaSme Sol i aoil Gl
95 peedS STy S350 555 by el b )
Sonte e (ol s eamlie lase 4y Jlad ()8 Q3>
@ S35l (gl diged 4y Cud Bl 203l (sa0,0 V-
@ Cod G3leSh aail oy B Rl s oles
008l B b el nl ol Jols Jlad 108 (55l iged
25 ol som Gleal S ln conlie gy
Sbnl O3l a5 osd Cix ca VT (pols 1B s
S > 5l Sl pogdle Slae (wlide ;0 oS Cenl oud
S8 (Sogdl 0055 Fau yu B> 4 wewd il 4 laoasY]

Sl 5,00 L Wl oo gy (pl 518wy 08 o



V¥ Olansl o o lod cotd JLw (53808559002
Hydrogeology, Volume 9, No. 1, Summer 2024

Bioremediation of benzene from groundwater by
calcium  peroxide (CaO2)  nanoparticles
encapsulated in sodium alginate. Journal of the
Taiwan Institute of Chemical Engineers, 78, 299-
306.

Mosmeri, H., Alaie, E., Shavandi, M.,
Dastgheib, S. M. M., Tasharrofi, S.,2017.
Benzene-contaminated groundwater remediation
using calcium peroxide nanoparticles: synthesis
and process optimization. Environmental
Monitoring and Assessment, 189, 1-14.

Mosmeri, H., Gholami, F., Shavandi, M.,

Dastgheib, S. M. M., Alaie, E., 2019.
Bioremediation of benzene-contaminated
groundwater by calcium peroxide (CaO2)

nanoparticles: continuous-flow and biodiversity
studies. Journal of Hazardous Materials, 371,
183-190.

Perini, B. L. B., Daronch, N. A., Bitencourt,
R. L., dos Santos Schneider, A. L., de Andrade,
C. J., de Oliveira, D.,2021. Application of
immobilized laccase on polyurethane foam for ex-
situ polycyclic aromatic hydrocarbons
bioremediation. Journal of Polymers and the
Environment, 29, 2200-2213.

Qiao, X., Zheng, B., Li, X., Zhao, X,
Dionysiou, D. D., Liu, Y., 2021. Influencing
factors and health risk assessment of polycyclic

aromatic  hydrocarbons in groundwater in
China. Journal of Hazardous Materials, 402,
123419.

Shao, S., Guo, X., Gao, C., Liu, H., 2021.
Quantitative relationship between the resistivity
distribution of the by-product plume and the
hydrocarbon degradation in an aged hydrocarbon
contaminated site. Journal of Hydrology, 596,
126122.

Sorengard, M., Kleja, D. B., Ahrens,
L., 2019. Stabilization of per- and polyfluoroalkyl
substances (PFASs) with colloidal activated
carbon (PlumeStop®) as a function of soil clay
and organic matter content. Journal  of
Environmental Management, 249, 109345.

Sun, X., Gu, X, Lyu, S., 2021. The
performance of chlorobenzene degradation in
groundwater: comparison of hydrogen peroxide,
nanoscale calcium peroxide and sodium
percarbonate activated with ferrous iron. Water
Science and Technology, 83(2): 344-357.

A

contaminated aquifer. Environmental Science &
Technology, 33(15): 2550-2560.

Haris, S., Qiu, X., Klammler, H., Mohamed,
M. M. (2020). The use of micro-nano bubbles in
groundwater remediation: A comprehensive
review. Groundwater for Sustainable
Development, 11, 100463.

Heidarzadeh, M., Abdi, N., Varvani Farahani,
J., Ahmadi, A., Toranjzar, H. (2020). The effect
of Typha Latifolia L. on heavy metals
phytoremediation at the urban and industrial
wastewater entrance to the Meighan wetland,
Iran. Journal of Applied Research in Water and
Wastewater 7 (2), 167-171.

Li, H., Hu, L., Song, D., Lin, F.(2014).
Characteristics of micro-nano bubbles and
potential application in groundwater
bioremediation. Water Environment
Research, 86(9): 844-851.

Li, P., Karunanidhi, D., Subramani, T.
Srinivasamoorthy, K., 2021.  Sources  and
consequences of groundwater

contamination. Archives of Environmental
Contamination and Toxicology, 80: 1-10.

Majone, M., Verdini, R., Aulenta, F.,
Rossetti, S., Tandoi, V., Kalogerakis, N., Fava,

F.,2015. In situ groundwater and sediment
bioremediation: barriers and perspectives at
European contaminated sites. New

Biotechnology, 32(1): 133-146.

Maldaner, C. H., Munn, J. D., Green, B. A,
Warner, S. L., Chapman, S. W., Ashton, A.,
Parker, B. L. (2021). Quantifying groundwater
flow variability in a poorly cemented fractured
sandstone aquifer to inform in  situ
remediation. Journal of Contaminant
Hydrology, 241, 103838.

McGregor, R., Zhao, Y., (2021). The in-situ
treatment of TCE and PFAS in groundwater

within a silty sand aquifer. Remediation
Journal, 31(2): 7-17.

Mosmeri, H., Alaie, E., Shavandi, M.,
Dastgheib, S. M. M., Tasharrofi, S.,2017.

Bioremediation of benzene from groundwater by
calcium  peroxide (Ca0») nanoparticles
encapsulated in sodium alginate. Journal of the
Taiwan Institute of Chemical Engineers, 78, 299-
306.

Mosmeri, H., Alaie, E., Shavandi, M.,
Dastgheib, S. M. M., Tasharrofi, S., 2017.


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=h-NhEjQAAAAJ&citation_for_view=h-NhEjQAAAAJ:J_g5lzvAfSwC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=h-NhEjQAAAAJ&citation_for_view=h-NhEjQAAAAJ:J_g5lzvAfSwC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=h-NhEjQAAAAJ&citation_for_view=h-NhEjQAAAAJ:J_g5lzvAfSwC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=h-NhEjQAAAAJ&citation_for_view=h-NhEjQAAAAJ:J_g5lzvAfSwC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=h-NhEjQAAAAJ&citation_for_view=h-NhEjQAAAAJ:J_g5lzvAfSwC

V¥ Olansl o o lod cotd JLw (53808559002
Hydrogeology, Volume 9, No. 1, Summer 2024

VY5

Wang, J., Zhang, X., Zhou, X., Waigi, M. G.,
Gudda, F. O., zZhang, C., Ling, W., 2021.
Promoted oxidation of polycyclic aromatic
hydrocarbons in soils by dual persulfate/calcium
peroxide  system. Science of The Total
Environment, 758, 143680.

Yang, R., Zeng, G., Xu, Z., Zhou, Z., Huang,
J, Fu, R, Lyu, S. 2021. Comparison of
naphthalene removal performance using H202,
sodium percarbonate and calcium peroxide
oxidants activated by ferrous ions and degradation
mechanism. Chemosphere, 283, 131209.

Yao, M., Bai, J., Chang, Y., Yang, X,, Li, F.,
Zhao, Y., 2020. Mechanism study of the air
migration and flowrate distribution in an aquifer
with lenses of different permeabilities during air
sparging remediation. Science of The Total
Environment, 722, 137844.



