Appendix

Fig. S1. Experimental set-up for growth of Festuca rubra and Arrhenatherum elatius in the

greenhouse.



Table S1 Mean values of initial soil element concentrations (mg kg™') with corresponding standard deviation across different soil amendments.

Control 1% nZVI 2% nZVI 3% Sludge 1% nZVI + 3% Sludge 2% nZVI1 + 3% Sludge

As  348+41 313+16 234+ 94 315+ 26 285 + 33 278 £33

Ca 11391 + 246 10942 + 807 12879 + 3992 6766 + 3696 6626 + 2018 7919 + 4329
Cd 47+3 46+ 2 45+ 6 40+ 3 35+1 34+2

Cr 68+2 76 +2 79+3 78 £15 90 +2 113+£2

Cu 703 £ 21 720 £ 11 700 + 27 680 + 25 652 + 22 722 £ 37

Fe 41442 +1048 51550 + 2976 54315 £ 337 36072 + 2878 39456 + 3063 47430 + 2454
K 5070 + 753 5048 + 447 4538 + 384 4662 + 438 4556 + 253 4739 + 486
Mg 1493 + 189 1544 + 560 1220+ 34 676 +519 432+ 94 503 + 252
Mn 1877 £113 1805 + 56 2019 + 699 1788 £ 179 1633 + 86 1642 + 64
Na 3329 + 66 3445 + 219 3097 + 157 2784 + 301 2720 + 145 2806 + 329
Ni 56+3 61+5 617 577 53+1 58+0

P 983 +23 962 + 49 821 + 255 1299 + 86 2507 £ 75 1847 + 147
Pb 9073 + 750 8971+ 778 9576 + 957 6912 +530 6821 +510 7037 + 409

S 2121+ 148 2408 + 256 2244 + 236 2020+ 178 2642 + 65 2415+41

Zn 5608 + 60 5673 + 181 5279 + 586 4790 + 425 5108 + 380 4966 + 196




Table S2 Concentrations of chosen elements in Arrhenatherum elatius shoots and their corresponding standard deviation values.

Control 1% nZVI 2% nZVI 3% Sludge 1% nZVI+ 3% 2% nZVI+ 3%
Sludge Sludge
Ca 8944 + 1222 7058 £ 746 4892 +535 17706 +1893 14045 + 1965 15394 + 2707
Cr 7+0 7+1 7+1 7+1 7+0 1+0
Cu 14+1 161 15+0 13+£2 12+1 7+1
Fe 58+2 88+8 78 £2 64+ 6 74+£9 75+8
K 57717 +3882 56012 + 57974 + 59768 + 55498 + 3085 48527 + 3317
1314 2790 18511

Mg 3421 + 186 3273 £ 161 2395 £ 225 4694 + 274 3517 +£193 4109 + 229
Mn  27+10 76 + 29 206 + 91 556 + 138 438 +84 455+ 82
Na  207+73 330 + 47 940 + 361 159 + 62 1004 + 196 1779 + 260
Ni 7+0 6=0 7+1 7+0 8+1 4+0
P 2853 £ 503 55+ 245 2458 + 296 4654 + 608 5256 + 767 4370 + 487
S 2834 + 157 3026 £ 135 2874 + 445 3415+ 274 2876 + 226 2998 + 63




Table S3 Concentrations of chosen elements in Arrhenatherum elatius roots and their corresponding standard deviation values.

Control 1% nZVI 2% nZVI 3% Sludge 1% nZVI + 3% Sludge 2% nZVI + 3% Sludge
Ca 4647 + 283 3815+ 125 3693 +£242 7011 £ 905 6385 + 404 5836 + 421
Cr 7+1 7+0 7+1 60 7+1 240
Cu 281 +£ 55 224 +9 166 + 31 307 £55 191+ 34 154 +£19
Fe 281 + 225 501 +£93 388+ 72 158 £ 63 189 + 39 453 + 70
K 8227 + 2385 8627 £ 2152 8391 +874 11939+3688 16519 +5888 10008 + 1648
Mg 1245 + 169 1298 + 100 1010 £151 2110+ 283 1886 £ 90 1880 + 148
Mn 55+ 16 83+ 23 196 + 85 605 + 212 716 + 392 793 + 223
Na 282 +40 810 + 159 1168 £243 394 + 56 1155 + 227 1876 + 366
Ni 12+5 8+0 9+1 11+1 101 7+0
P 1991 + 362 624 + 216 1843 £424 3279 + 393 3565 + 416 3213 +£ 242
S 2751 £ 253 2516 + 197 2186 £199 3563 +439 2860 + 247 2779 £ 170




Table S4 Concentrations of chosen elements in Festuca rubra shoots and their corresponding standard deviation values.

Control 1% nZVI 2% nZVI 3% Sludge 1% nZVI + 3% Sludge 2% nZVI + 3% Sludge
Ca 8215+1188 6975+1001 5903 + 690 10273 +1679 13007 + 2352 11221 £679
Cr 740 7+0 7+0 2+0 8+2 2+1
Cu 16 £2 19+2 171 9+1 20+1 9+1
Fe 46=+10 75+ 24 64+9 63 +26 105+ 25 89 + 30
K 63227 £ 7371 63429 £ 2973 54771 £7562 5843910475 64808 + 6381 58669 + 3237
Mg 3240+ 320 3238 + 305 2737 + 289 3628 + 379 3528 £419 3567 £ 142
Mn 23+9 48 £ 23 44 + 16 384+ 76 421+35 382 +28
Na 291+56 519 £ 125 1349 + 394 447 + 68 1171 £ 319 2061 +£ 101
Ni 7+1 7+0 8+0 4+1 9+1 4+0
P 4997 + 343 3850+ 774 3729 + 582 6696 + 261 6843 + 302 6174 + 339
3266 + 271 3356 + 415 3125 + 287 3204 + 323 3097 + 340 2865 + 87

Table S5. Concentrations of chosen elements in Festuca rubra roots and their corresponding standard deviation values.



Control 1% nZVI 2% nZVI 3% Sludge 1% nZVI + 3% Sludge 2% nZVI + 3% Sludge
Ca 8795 + 533 7035 + 820 8656 £529 7496 + 477 8617 + 362 8424 + 460
Cr 7+0 7+1 8+1 2+0 7+1 240
Cu 330 + 57 229+ 29 276 £19 201 +£42 256+ 35 176 £ 20
Fe 442 + 135 456 + 48 1329+314 385+131 605 + 322 741 + 217
K 3280 + 3477 12190 £ 6560 5577 +1759 18994 +2280 18903 + 7781 18485 + 3700
Mg 1290 + 205 1641 + 246 1359 +£218 2163 +117 1938 + 394 2089 + 67
Mn 97 +19 76 £31 135+40 1516 £ 514 2042 + 334 2059 + 819
Na 225+ 19 652 + 609 560 + 88 377+ 22 699 + 194 1140 + 149
Ni 11+2 9+2 13+0 7+1 13+1 9+1
P 2179 £ 767 3030 £ 833 2584 £519 4443 £+ 260 3920 + 683 3992 + 310
S 2500 + 430 3364 + 741 2608 £145 3646+ 173 3591 + 604 3434 + 258

Table S6.



Pseudo elemental concentration in thermally treated sludge represented as mean + standard deviation (n=3)

As <dl

Pb 25.86 £ 1.78
Cd 1.36 £ 0.06

/n 803.56 £ 14.51
Cu 155.01 £1.99
Fe 6769.66 + 63.75
Mn 179.71 £ 1.51

<dl value lower than the detection limit of the ICP OES
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Evaluating the effectiveness
of sulfidated nano zerovalent
iron and sludge co-application
for reducing metal mobility

in contaminated soil

Omolola Ojo, Zuzana Varkowa™, Luke Beesley, Miluka Wickramasinghe & Michael Komarek

Sewage sludge has long been applied to soils as a fertilizer yet may be enriched with leachable
mietaliloidis and other pollutants. Sulfidated nanoscale zerovalent iron (5-nZWI) has proven effective
at metal sorption; however, risks associated with the use of enginesred nanoparticles cannot be
neglected. This study investigated the effects of the co-application of composted sewage sludge with
S-nZVI for the stabilization of Cd, Pb, Fe, Zn_ Five treatments (control, Fe grit, composted sludge,
S-nZVl, compaosted sludge and S-nzvi, two leaching fluids; synthetic precipitation leaching procedure
{SPLP) and toxicity charactenstic leaching procedure (TCLP) fluid were used, samples were incubated
at different time intervals of 1 week, 1, 3, and § months. Fe gt proved most efficient in reducing the
concentration of extractable metalsin the batch experiment; the mixture of composted sludge and
S-nZVI was the most effective in reducing the leachability of metals in the column systems, while
S-nZVI was the most efficient for reducing about 2094 of Zn concentration in soil solution. Thus, the
combination of two amendments, S-nZV1 incorporated with composted sewage sludge and Fe grit
proved most effective at reducing metal leaching and possibly lowering the associated risks. Future
work should investigate the longer-term efficiency of this combination.

Thie impairment of the ecosystem services the soil provides due to contamination makes it a global problem! The
majority of pollution spurces are from human made activities, which include mining, transportation, and land
application of sewage slndge. Sewage dudge is derived as a by-product after wastewater treatment®. It is @ mizture
of wates, inorganic and organic materials extracted from various wastewater sources. & significant amount of
these sludges is produced globally; in the Furopean Unicn alone, approximately 11 million tons of these shudges
are produced annually”, and these sludges must be somehow used ar incinerated.

Sludge must be treated to some extent before it can be further wsed. The type of treatment required is deter-
mined by the method of disposal. These disposal methads have great environmental significances if not correctly
dispossd of, they can pose risks to public health and contaminate soil, water, and atmospheric resources; thus,
adequate and proper management is critial’. Treatment methods change sludge properties and influence the
quality of the il product. Therefore, thers is 2 need to select the best sludge treatment, and filure to do so
might have ecological, social, and economic consequences’. Treatment methods indude asrobic and anaerohic
digestion, composting, pyrolysis, thermal treatments, and stabilization with alkaline or chemical substances”.

Sewage shudge can be applied to land after treatment; its addition alters the sail physical, biological, and
ch:mia.l.a’;mpenie{". Spil nutrient status may be improved by its appBcation. Yet, when stored an the soi sur-
face, sewage sludge can also damage the ecosystem because of its propensity for fermentation and hazardous
compounds’. It contzins a high concentration of metals, metalloids, pathogens, and other organic pallutants®.
Metal(loid}s are non-hicdegradahle, so they can accumulate and hio-magnify in soil and sediment after their
intraduction®.

Manotechnology has lately made it possible to design new cost-effective and environmentally friendly reme-
diation sobutions, in contrast to conventional physicochemical technologies'™™. Due to nanoparticles’ large surface
area, they react more quickly with pollutants''. Mano zerovalent iron (nZV1) has been used 25 a soil stahiliring
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agent'?, and it can stabilize metal{loid)s in scils. Mano zerovalent iron has Jong been used as an incxpensive,
efficient, and envirenmentally ffendly reductant (E'= — .44 V)2, The nZW1 has also heen tested for its ability
&0 reduce and precipitate metals ke Ni in biosolid thas making the metal less mobile with lower bioavailability
and biotaxicity”. Te further increass the nZ V1= reactivity 2nd selectivity towards target pollutznts, modification
with sulfidation has been suggested'* . This method aliers nZVT with |aw:rv=]:ntsu.|£rcampnun.d_s, forming
weakly crystalline iron sulfide in the bulk matesial or the nZV1 particle surface'®. The nZV1 particles that have
been sulfidated (5-nZVT) have demonstrated their ability to quickly remove 2 variety Dl':ln:ui, metalloids, and
organic contaminants'®'"

Several studies have demonstrated the potential of nZV1in scil remediation ', Heoweves, the potential toxi-
cological risks afier nZ V1 application cannot be neglected. In osder to minimize these unwanted side effects, the
application of organic materials, induding hissolids could promote growth and microbial activity in soils'.
The influence of 5-nZVT on the leaching of metal(loid)s in sewage sludge-amended scil using bath columns and
batch a 5 has yet to be studied as various factors, such as wetting heat, which is the heat energy given
aff by dry soil when in contact with water, salid phase disturbance, shaking ﬂ:&d, L/S ratio, and contact time,
wvaries in both methods may also influence how varions amendments hehave ™.

The abjectives of this study were to: (1) measare the beneficial effect of the co-application of sewage sludge
with S-nZVI for stzhiliztion of metal{loid)s in contaminated soils; (2) evaluate the Ldﬁngaon Ph, Cd and
Fe from amended soils, and (3) discuss the findings in the context of environmental risks versus benefits of
utilizing 5-nZVI.

Results and discussion

Pore water

The influence of amendments on metal{loid) solubility and transport was investigated using soil pore water
analysis (Fig. 1). The concentrations af most elements (Fh, Cd, el in pore water weze below the detection limit
af the ICP OES with the exception of Zn; hence, the results for Zo alons will be discussed in this section. The
influence of various amendments on Zn concentration in soil solution is depicted in Fig. la. Composted sludge
treatment cansed an initial increase in the pH (645 £0.29), then reduced the pH value until the end of incubation
time {5.69 £0.28). The initial increase in sail pH might be cused duse to the presence of NH,-N in the shadge, and
the subsequent fall was caused by an increase in nitrate concentration, as :‘:E)cl.ed in Fig. |b. This corresponds to
the Bndings of Kokina et al ™, where an initial pH increase was observed, followed by a subsequent decrease due
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Figure 1. Changes in the concentration of Zn {a) and nitrates (b), and pH {c} in sail pore water in amended
seils at different incubation times. Data with the same letter represent statistically identical valuss (F<0.05)
(n=3)
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to nitrification by the additien of N-rich residue of MH,-N and the synthesis Dd'a:l.d.u:by products of decomposi-
ticm. The pH decrease may also be attributed to the input of H' by sewage sludge™.

The results show vasiaticns in the Zn concentrations after | week, 1 month, 3 moaths and § months. All
amendments with composted sludge trestment czused an increase in the concentration of Za in solution; how-
ever, the results were statistically insignificant at these incubation periods. The 5-nZV1 increases the pH after
1 month [Flg lc). Yan et al.™ also demonstrated similar Zn removal elficiency of aZV1, the main removal
mechanisms for the pollutant were adsorption, complexation, 2nd {co)precipitation™. The pH plays a significant
role in removing Zn by n#V1; as Zn uptake increases as pH increases, this corroborates the Boding of Kishimoto
etal ™, where Zn uptake increases progressively as pH increases. The highest concentration of Zn bound to nZVI
occurs at the pH of 7. Kriiinik et al = observed a similar result at pH 7, because at newtral pH, strong magnetic
force enhances particle aggregation, thus increasing the potential of contaminant remeoval®.

At | month incubation period, composted sludge increased the concentration of Zn in soil solution by 107%,
indicating that composted sludge significantly increases the content of available Zo phases and its mokbility™.
Some studies have determined that Zn may be more biologically available and mokbile in soils treated with
sludge®®. McBride™ also showed that adding hisolids to soil can increass the fraction of hioavailable Zn. This
maohility has been cbserved to increase with time after sewage sludge addition to the soil since it can form soluble
chelates with hamified and non-humidified forms of organic matter™. The reduction in the concentration of Zn
in collected sl solution after 1 month in samples treated with Fe grit. 5-0ZV1 and 2 mixture of composted sludge
and §-nZVI reached 30.6%, 80.2%, and 15.5%, respectively, when compared with the control. With 5-aZV1 been
the most efficient in decreasing Fn concentration in soil solution.

Batch experiments

The batch experiment was conducted as a controlled method to detect other metal{loid s not detected in the soil
pore water analysis. The TCLF method was used to evaluate the influence of amendments on the leaching and
migration of metal(loid)s in the soil system (Fig. 2). The pH of the samples extracted by TCLF was similar for
all tested samples, ranging between 4.86 and 496 because of the butfering nature of the TCLP solution™. The
changes in TCLP-extractable Pb concentrations within & months were compared in Fig. 2a. The available Fb
concentrations in the control group ranged between 30091 1.1 and 356 £ 1.3 mg kg ' throughout the diferent
incubation periods. The concentrations of released Ph increased in the Fe grit treated samples (47.9.£ 5.6 mg kg '),
and 5-nZVI treated samples (45.7+2.3 mg kg ') afer 1 week incubation peried: this might be attributed to the
dissolution of Pe oxides as acetic acid could increase the number of H* ions that react with the —0OH functional
group. An increased number of positively charged Fe-OH groups could increase desorption of metal cations,
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Figure 2. Concentration of TCLP-extractable Ph (a), Zn (b), Cd {c), and SFLP-extractable Pk (d) and Zn (e)
after application of different amendments at diferent incubation times. Data with the same letter represent
statistically identical values (P<0.05) (n=3).
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which were then extracted’!. No difference occurred between samples treated with composted sludge and 2 miz-
mmnfmnpﬁbedﬂudgewﬂls-nzﬂaﬁ:rLw&ekmclﬁamnpanndwhm: ared with the control

‘The concentrations of Ph extracted were reduced in Fe grit-treated samples ﬂil 1 manth incubation p:ﬂud
(333 +0.8 mg kg ") when compared with contral samples. A further decrease was recorded after the 3 months
incuhation period {281+ 1.6 mg kg '), indicating that Ph transformed from exchangeable to oxide-hound frac-
tion, thus decreasing the availability of Pk with time™. However, there was no difference between the amount of
Pb extracted in the Fe grit-treated sample after 6 months of incubation when compared with the control. $-0ZVI
treatment caused an increase in the amount of Ph extracted over the incubation period; this was contrary to the
findings Gil-DHaz et al **, whese a significant reduction in the Ph extractsd using TCLP occurred over a duration
af 45 days. However, an eadier study by Mitzia et al™ using the same contaminated soil as in cur case reported
an increase in exchangeable Ph fraction compared to the control after treating with nZV1. This might account
for the increase in the concentration of TCLP-extracted Ph. There was no difference between the amount of Fh
extracted in samples amended with a mixture of composted sludge and 5-nZVI after | week incubation period,
while a significant increase of 22%, 33% and 15% of Pb extracted after 1, 3, and & months incubation periods,
respectively, was abserved compared with the contral. A slight inorease in the Pb extracted was recorded for
samples treated with cumpum.-j‘s]uﬂy alome as incubation time increased, as the addition of soluble organic
matter contained in compostsd sludge can slevate metal{loid) concentration in soil sobution due to the formation
of saluble ergano-metal complexes™. Several studies also re an increase in Ph concentration following
the addition of organic material sisch as composted sewage sludge and composted green waste™ ™. Overall, Fe
grit caused a reduction in the concentration of extractable Pb fos the first 3 months, while samples treated with
5-nZV1 alone and a mixture nfaol?wted sludges and 5-nZVI showed an increase in the concentration of Ph
extracted at most incubation times (1, 3 and & months).

The concentration of TCLP-extractable Zn is presented in Fig. 2b. Iron grit amendment reduces the amount
of Zn extracted after | week, | month and 3 months incubation pericd by 16%, 14% and 16% compared with
the control. Other treatments proved Little to no difference in the amount of Zn extracted for the first 3 months.
At the end of 6 months, all treatments cansed a reduction in the amouant of Zn extracted by 15%, %, 8%, and
10% fior samples treated with Fe grit, composted sludge, S-nZV1, and 2 mizture of composted sludge and S-aZVI
respectively.

The lowest amount of Cd extracted was from the control after 3 momths (109 0.3 mg kg ") (Fig. 2c), which
is about 18% of Cd keached with regards to the total concentration of Cd present in the soil sample. The S-nZVI
treatment caused an increase in the amount of €d extracted afier the 1 wedk incubation period (120203 mg kg )
when compared to the control. There was no difference between the concentration of Cd extracted in §-nZVI
treated samples after 1 and 3 months, but an increase occurred after 6 months (13.71 3.0 mg kg ™). This is
contrary to the findings of Chen =t al.* and Xue et al.™, where the concentration of TCLP-extracted Cd after
stabilzation with a nZVlactivated carban composite and 5-0ZV], respectively, caused a decrease in the con-

centration of Cd extracted by TCLP. Metal iation before and after the addition of these amendments could
help to understand the mechanism of Cd ilization, as their addition caused a decreass of exchangeable and

= fraction and transformation to the residual fraction in both studies. Al the other amendments did
not influenice the concentration of Cd extracted after & months incubation periad.

As depicted in Fig. 2d.z, all elements are seleased at relatively low quantities in SPLP compared to TCLE. This
difference can be attributed to the extraction fuid chemistry. The TCLP fluid contains acetic acid, which cn form
acetate chelates, thus oting Ph solubility™. The SFLP method was conducted to simulate the leaching of
metal{loid)s into soil during acid rain The pH in SPLP-extracted sam mgﬂbdeDSamlG 75. In com-
trast to the butfering natuse of TCLE, the SPLP fuid allows the ample Htu fuctuate®'. The Fb concentrations
extracted in all variants do ot differ afier the first month {Fig. 2d). Al end of the 3 months, samples treated
with Fe grit and S-nZ VI showed a redusction by 73% and 68% in the amount of Pb extracted, respectively, when
compared to the cantrol. The differences in the Ph concentrations in extracts from SPLP-treated samples when
compared to TCLP-treated samples may be attributed to the adsorption of P to soil arganic acids". Lead could
form complexes with acetate ions. These complexes would compete with the adsorption reaction of Ph ions with
the surface; since hydrolyzed metal species and metal complexes are preferentially adsacbed over free metal ions,
the formation of more thermodynamically favorable precipitate may causs a decrease in the concentration of
dissolved Fb®. Chen et al ™ and Pinto and Al-Abed™ also demonstrated a similar decrease in Ph concentration
in SPLP-leached sediments when compared with the TCLP-leached samples. Significant reduction in the con-
centration of £n extracted from variants with Pe grit (52%, 44%, 79%), 5-n7V1 (38%, 55%, 70%), and 2 mixture

composted sludge and §-nZVI treated samples (39%, 5%, 59%) was chserved afler | week, 3 months and

mnﬁ:mmbmm Pemd.:.rsi.\ﬂcuwdy when compared with the contral (Fig. e). No difference was chserved
between the samples trsated with composted sludge alone at all incubation periads compared to the contral.

Column leaching
TCLP

Column experiment was performed to evaluate the effect of vasious amendments on the mobility of metal{loid)
s under dynamic flow conditions in contrast to the static barch experiment. The changes in the concentration of
Zn and Ph, and Cd and Fe leached using TCLP are depicted in Figs. 3 and 4 below. The most significant differ-
encesamong the amendments were observable within the first 120 min, while the system reached the eguilibrium
md:lya‘ber]]ﬂmm.gmmptlnsampluuﬂmdmﬂlammmnfs-nzﬂ and composted sludge, which caused 2
continuous decrease in the concentrations of most elements, throughout all sampling times when compared with
the control. The Fe grit causes an increass in the concentration of Cd (Fig. 4a) and Ph (Fig. 3e) leached after the
first 75 min at the end of | week incubation period when compared with the control; this sffect was shoet-lived as
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Figure 3. The concentration of Zn, Ph, leached by the TCLP in the column experiment after the application of
variows soil amendmenis at different incubation times.

the concentration of Zn (Fig. 3b), P (Fig. 3{), and Cd (Fig. 4b) leached after | month incubation was no different
when compared with the control. Howeves, Fe grit caused a reduction in the concentration of Cd, Zn and Phup
to the first 120 min after 3 months and 6 months incubation period in comparison with the contral, with Fe grit
being the best amendment for reduction of Ph leaching at the end of the & month incubation periad. Leachates
from columns containing soils treated with 5-nZV1 had much kewes Ph (up to 1 month) and Za {up to 6 manths)
caontents than those from control soils. The immobilization of Za was less effective than Ph, and this difference
is attributed to the difference in chemicl charcteristics between the two metals. The removal mechanism for
Fh by nZV1 is sorption and partial chemical reduction, Zn jons are bound to Fe surface by sorption or surface
complex formation®. Gil-Daz et al ™ reported a similar decrease in the cancentrations of Phand Zain leachates
from columns containing soils treated with nZVI, being significantly lower than thoss from the untreated soils.

The 5-nZV] amendment increassd the concentration of Cd towards the end of sampling time (105 min) after
1 week {Fig. 4a) and 3 months (Fig. 4c) incubation period when compared with the control. Composted sludge
alone had little to no influence on the change in concentration of Zn and Ph at the end of 1 week of incubation.
However, both Ph and Zn concentrations were significantly reduced after | month and 3 months, afier which the
effect phased out and 2t 6 months, 25 no difference was observed compared to the control. Several studies inves-
tigating the Zn mobility changes driven by sewage sludge application found that the adsorption of Za to the sod
sclid phase caused 2 reduction in the amount of Zn kmched in columns™", indicating that scil solid surface acted
to remaowve saluble Zn from its organic ligand. Zinc can also be bound to organic matter or carbonates present in
sewage shudge. The effect of the mixture of composted sludge and 5-nZVI treatment was pronounced throughout
all incubation periods as the most effective amendment for the reduction of the leaching of all dlements (Zn,
Cd, and Ph) at all sampling times. However, after § months, this amendment increases the concentration of Pb
(Fig. 3h) and Cd (Fig. 4d) when compared with the contrel sample towards the end of the sampling time.
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Figure 4. The concentration of Cd, Fe leached by the TCLP in the column experiment after the application of
wariows soil amendments at different incubation times.

EPLP

The concentration of Zn and Fe leached from amended soil using SPLP is deri:badin Fig. 5 bedow. All amend-
ments’ influence on Za leaching is pronounced mainly in the first £5 min at all incubation times. It suggests that
the SPLP-leached samples reach equilibrium fastes than the TCLP-leached samples. The concentrations of Cd
and Ph leached using SPLP were below the detection limit of ICP OFS, indicating the affect of the fluid chemistry
an the keaching of these metals. Far instance, acetic acid present in TCLP can promate Pb keaching due to the
formation of soluble acetate chelates™.

Cemposted sludge treatment increases the concentration of Zn only in the first 15 min at all incubation
periods, after which the concentration of Zn leached does not differ from control. S-nZV1 reduces Zn beaching
after the first 45 min after | week and 1 month incobation period but increases Zn leaching at the Brst sampling
time (15 min), after which no difference socurs when compared with the control. The Fe grit reduces Zn leach-
ing only in the first 15 min at all incubation periods, after which concentrations do net differ compased to the
control. Samples treated with a mixture of composted sludge and §-nZV1 reduce Zn leaching only in the first
60 min at all incubation times compared with the contral.

The influence of applied ats on Fe leaching is depicted in Fig. 5. The addition of all amendmeats
increases the concentration of released Fe at | week variants, with the exception of samples treated with a mixture
of composted sludge and 5-nZVL The 5-nZVI and Fe grit amendment reduced Fe concentration at | month,
but samples treated with 2 mixture of composted dudge and 5-nZVI caused an increass in Fe concentration in
the same incubation period. No difference accurs between Fe concentrations after 3 and 6 months in all amend-
ments. However, most of the Fe concentrations leached from samples with composted sludge and 5-nZVI mix
were below the detection limit of ICP OFS at most ssmpling peints for 3 2nd 6 months.

The differsnces in the effect of amendments in the batch and column system may be attributed to the dis-
crepancy in the experimental method as variations exist between them, certain factors like shaking speed, 1iS
ratia, and contact time are not the same in both experiments and may also impact the behavior of amendment.
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Figure 5. The concentration of Fe and Zn leached from the columns with amended soils using SPLF at different
incubation times.

Benefits and risk of 5-nZVI usage

The use of 5-nZVT for the stabilization of metal{loid)s appears to be 2 promising option. 5-nZVI has been
described in recent years to improve nanoparticle selactivity and reaction rate for target pollutants. While the
use of 5-nZV] may be considered s the hest’ treatment option in some cases, it might not be suitable in other
cases; as obtained from aar study, the application of S-nZV1 alone without co-application of composted sludge
was the best for the removal of Zn from sail salution. For the batch experiment, $-nZV1 caused an increass in
the concentration of Pb for TCLP-leached samples. The co-application of 5-nZV1 and composted shudge in the
column experiment resulted in 2 constant decline in all elements of interest; therefore, it is possible to nfer
that m:rf:n:mrl. including the rimental setup, may affect 5-nZVI efficiency. Besides adsorptionssurface
complezation, another reaction anismn between metallic comtaminants and 5-nFV1 is sulfide precipitation,
since sulfur has a large affinity for metals. Sulfur is also oxidized to 5° and 50, during the reaction and the
environmental impact of the S-nZV1 is thus of concern™.

Rank abundance diversity analysis indicates that S-nZV1 trsatment posss lower cytotoxicity to microbial
diversity. Additionally, microbial community responses after 5-nZV1 treatment showed that protechacteria were
pramated whils actinchacteria were repressed”. Semerid et al. ¥ investigated the effects of -0ZV1 on an activated
sludge microbial community and showed no discernible negative sffects, which was in contrast to the Andings
of Hui et al #, where 5-nZV1 increased scil microbial diversity and altered the structure of bacterial and fungal
communities. Cheng et 2l also used Escherichia colf as 2 modd organism to assess the toricity of 5-n#¥1 inan
aqueous environment and indicated that 5-nZV1 had bow toxicity (less than 0.35-log) to E coli, indicating that
there was no risk associated with 5-nZ V1 in aquatic environments.
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Materials and methods

Characterization of tested soil and amendments

The sail sample used in this study was obtained from the smelting region of Pribram, Czech Republic. The
Pribram soil has been polluted from metalburgical activities through atmospheric deposition of contaminants
and by historical Boods, which enriched the scil with risk metal(loid)s. According to sarlier studies conducted
in the study area, Ph, Cd, and Zn are mainly prevalent in the most mobile fractions™. Even though mining was
stopped in 1978, the smelting activities are still operational.

The scil's top horizon (0-20 cm) was taken, air-dried, homogenized, and sieved through a 2 mm sieve. The
soil was already chasacterized by Michalkova et al™. The 5-nZV1 slurry used was produced by Nano Iron Lid.
(NANOFER 15D8, Czech Republic), and the e grit was provided as 2 waste product originating from cast iron
cutting. The composted sludge was obtained from a wastewater treatment plant in the Crech Republic Variows
compasting piles were set up, and the bicmass for composting was prepared by mixing raw sewage sludge and
grass pruning. The compaosting duration was sight months. Total elemental concentrations in the composted
sludge and Fe chips wers determined using ICP OES (32AP 7000 sevies, ICP spectrometer, Thermo Scientific,
USA]) after microwave acid digestion which was performed following US EPA method 3050A using a representa-
tive 0.5 g of sample in a mixture of HNO,, HC and HF (%:3:1). Analytical blanks containing only the reagent
werealse prepassd. After the microwave digestion, samples wens ted to dryness at 100 °C and dissolved
in 10 ml 2% HNG,. Quality control of sample digestion was done E analyzing certified reference materials
BCR-483-70G and NIST2710A and comparing the results obtained with the certified values. The physicochemical
propertics of the tested contaminated soil and soil amendments are summarized in Table 1.

Soil pore water analyseas

The impact of the amendments and incubation period on the chemistry of soil pore water was investigated.
Five treatments were ussd: (contrel (C), 1% 5-nZV1 (CS), 1% Fe grit (CF) {wiw), 1% composted sludge (CC)
{wiw), 1% composted sludge (wiw) + 1% S-nZV1 (COS) (wfw)). The 200 g of dry soil was used per pot with three
replicates per amendment and per each incubation time (1 week, | month, 3 manths and 6 months). Rhizon
sampler (Rhizesphere Research 151 Products, Netherlands) was attached to the base of each container. The pots
were watered twice weekly to maintain the moisture level at the Beld capacity. After each incubation period, the
scil pore water was collected wsing the Rhizon sampler and analyzed. The contents of metal(lodd)s, DO, and
anions wers determined as described above, and pE and Eh values wers recorded.

Batch experiment

To find cut how the addition of the tested amendments affects the mobility of metal(nid)s in the contaminated
soils, incubation batch experiments were conducted. For this experiment, the same amendments {type of amend-
mentand dosage) and experimental design (incubation times, number of replicates) as in the. iment dealing
with soil pore water sampling were used (s2e S0l pore water analyses™ section). At the end of each incubation
period, soil samples were dried a2 60 "C for 48k 1 g of the dried soil were transferred into an extraction vessel.
Appmpnate'lﬂ]umu of the SPLP solution, pH 5.00 (US EPA methods 1312), or TCLP solution, pH 483 0.05
{UUS EPA method 1311}, were added to scil at a 1:30 (wiv). The vessel was ledt to agitate for 18 b, after which
samples were centrifuged at 5000 rpm for 10 min. The liquid and solid phases were separated by Altration through
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Table 1. The physicochemical chasacteristic of the study soil represented as mean + standard deviation (n=3).
< dl results lower than the detection limit of the ICP OES.
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a 0.45 pm cellubose acetate syringe filter. The leachates collected were analyzred for metals, anions, and dissolved
arganic carhon; the pH and Eh values were also measured.

Column experiment

The influence of various amendments on the trarsport behavior of contaminants in the tested soils was investi-
gated using a column experiment. Similar amendment ta sail pors water sampling is used (o= "Soil pore water
analysss™ section). Five treatments were ussd- (control (C), 1% 5-nZV1 (CS), 1% Fe grit (CF) (wiw), 1% com-
posted sludge (OC) (wiw), 1% composted sludge (wiw) + 1% S-nZVT (CCS) (wiwl). Prior to the leaching of sal
samples in the columns, soils with applied amendments (induding contral sail) were pre-incubated for different
time intervals to enable the evaluation of the time-dependent changes in contaminants’ leachability. For this
pulmmamusdiﬂg of s0il (amended or control) was put into the pot (this mass was recalculated depending
on the percentage of each amendment). The pots were regulasly watered with deionized water to maintain feld
capacity for different time rates (1 week, | month, 3 months, and & months). Afier sach incubation period, the
soil sample was used in the column experiment.

Two different solutions: (i) synthetic precipitation keaching procedure (SPLF) at pH 5.00 (US EPA method
1312} and (i) toxicity precipitation leaching procedure {TCLP) at pH 4.93 £0.05 (US EPA method 1311) were
used as leaching solutions. The TCLP aims to simulate contaminant leaching in municipal landfills. The SPLE,
on the other hand, tries to mimic the leaching of contaminants under acidic precipitation. After each incubation
pesiod, samples were transferred into a column {BIO-RAD Econo glass chromatography columns of dimen-
sion 1.5 % 30 cm). Bor practical reasons, the columns were aperated in 2 down-flow mode In order to minimize
the risk of preferential Bow and channding, a low flow rat= (0.5 mL min '} contralled using peristaltic pump
was used. The same operation mode was used for all the treatments. The beachates collected were analyred for
metal(loid)s using ICP OFS, anions using the ion chromatography (IC, Dionex 5000+, Thesmo Fisher Scientific,
USA), and the dissolved organic carbon (DOC) using a TOC/TC analyzer (TOC-LCPH, Shimadzu, fapan). The
pHand Eh values were recorded.

Statistical analysis
Statistical analyses were performed wsing SigmaPiot 14.0 (Statsoft Inc., USA). Experimental data weze evaluied
using analysis of variance [ANOVA) at < 0L05 using the Tukey post hoc test.

Conclusion

Sulfidated nano zerovalent iron (5-nZV1) was used in combination with sewage sludge to evaluate its
ahility to reduce the leachability of Ph, Cd, Zn, while the rdease of Fe from added amendments was investigated as
well. In baich experiments, Fe grit amendment proved to be generally the most effective for reducing the release
of targeted contaminants. In contrast, the compostsd sludge and 5-0ZV1 mix amendment proved to be the most
effective in column experiments. The Ph, Cu, and Zo concentrations in the TCLP extract followsd the decreas-
ing order of Zn > Ph>Cd. Differences in fluid chemistry of the leaching solution SFLF and TCLF also affect the
leaching of Z=, Cd. and Ph. In common with many, or even most, studies investigating metal{loid) leaching pH
is the most important factor for Zn removal by nZV1 in soil solution. Both amendments (P grit and a mixture
of composted sludge and 5-nZVI) kave proven effective depending on the experimental condition, with Fe grit
being the most cost-efficient of the two amendments and might be 2 good use for waste material.

Asa next step, an evaluation of the long-term effects of both amendments should be conducted . Also, the
taxicological dg::u of both amendments should ke evaluated on a short and long-term basis. Since samples
amended with composted sludge alone have little to no influence in the stabilization of contaminants in
the batch and column experiment in this study, it is recommended that subsequent studies should use higher
doses greater than 1% to test its stabilization potential. The cbtained results show that 5-n¥V1 is efficient fac the
stabiliation of metal{loid)s. However, it is necessary to investigate further its fate and potential toxicity as cur-
rent toxicological data are mestly derived from short-term experiments. To further comprehend any potential
environmental concern, it is necessary to explore the long-term evaluation of S-nZVI especially in the fi=ld
Lastly, we advise using both short- and long-term environmental monitoring, focusing on the ecotoxicological
impacts of S-nZV1 as well as its transport and persistence.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.

Received: 11 October 2023, Accepted: 6 April 2024
Puhlished poline: 09 April 2024

References

1. Usman, K_ et al Sewage sudge: An tmportant hislogical resource for g and ILs v impliations.
Am. [ Pland 500,03, 17081721 (2012,

2 14, X ., HBrown, [ G, & Zhamg, W. X. Sabilization of biosolids with nanoscale zero-valenl iron (V). | Mamoparl. Res, 9,
233243 (2007).

Y M[ﬂ,;]kmqsaalmn sewage sludge 5 s selection based om bechno-—scomomic -
enviroemental criteria: Case study of Croatia. Enerpies 15, 3941 (2022].

4 Roral, A, Courtols, P, Vandenbolcke, F. & Lemsere, 5. Samstary and environmental aspects of sswage sudpge management. In frdis-
il el Mumictpal Sladpe: Frmerging Concerns angd Scope for Ressurce Recovery (eds Frasad, M. W e al) 135-120 {Bulterworth-
Heinemnann, 3019}

Sdentific Reports|

(2024) 1548322 | hittps:idoi.ong/10 103 B/s41558-024-53055-7 mature portfioko



wwrw.nature.com/scientificreports/

5 W, Lefal Effecisof thermal ireatment on high solid anaercbic digestion of swine manure: Enhancement assessment and kineisc
amalyds. Wasle Manag. 62, 63-75 (2017).

& Lonova, K. e al Microwave pyrolvzed sewage sudge: influence on sl microbiclogy, nutrient satus, and plant bicomass. Chem.
Biol. Techmol Agric. 9, 1-20 (20221,

, 5. & Chenchouni, H. On the sustainability of land iow o e biosalid in

7 ot 10 e, e ey ot coup I Chemophere R 131158 oy T L S

E Falkowskd, K., Rorai, A., Grobdak A. & Kacprzak, M. L The presence of conbeminaiions in sswage dudge— The current siuation.
I Emviran. B3, 1036-1136 (3017)

o mm.&mau.nm.tilwl.u.WMMMLWIMMHM
als and metalloids in edible fish: A systematic review tn Ethsopian surface walers. Euvirom. Heallh tenghis 17, 11786302231 139348
[ 2023).

10 Hidangreayem, A. ef gl Mechanists and recent updates in nano-bioremedtatson for developing green techmology to alleviate
agricubiural contaminanis. tat. |. Bwviron, Sci. Tecknod 20, | 169311718 (20230

1. Roy. A, Sharma, A, Yadaw, 5, Jule, L. T. & Erishmara), K. Nanomatersals for remediation of environmental pollutanis. Blotnsry.
chem. Agpl 20211 {20210

12 Galdames, A., Ruiz-Fuabio, L., Onesta, M., Sinchex-Arzalluz, M. & Vilas-Vilel, |. 1. Zero-valen iron nanopariicles for sodl and

romediation, bl [ Emviron. fes. Public Health 17, 1-23 (2020].
13, Brumovsky, M. ﬂ!nl'.Cm:ﬁd”:ﬁsnmﬂsﬂhcmﬂedﬂuﬂlﬁlchmlwuﬁmdmdﬂnmﬂ:ﬁmmnlﬂ

Appl. Mater. 12, 3542435434 {2030,

14 Fan D.efal of tron-based matertals: A review of processes and implcations for water treatment and remediation.
Erriron. Sci. Technol 51, 1307013085 (2017).

15 Dong, H. ef al. Factors influsncing of trichloroethylens by sulfide-modified nanoscale zero-valent iron in aguecus:
salulton. Warer Ra. 135, 1-10 (2018).

16 Rajajayavel, 5 R. & CGhoshal, 5 Enbanced reductive dechl of trichloroethylene by sulfidated le zeruvalent fron.

Veisier Rex. TH, |44 153 (2015).
17. Xu, ). et al. Reactivaty, selectivity, and bomg-Lerm performance of sulfidized nancscale xerovalent tron wath difizrent properties.
Ervrirom, Sci. Tecknol 53, 59365945 (2015).

I&m{hnnhunLKmD,ﬁhm,L&.ﬁhm,l Sail lectmoem-
mom, and lfe-cycle assessment. Huzend. Witsle Mandg.| murymsmudwpmm ferly
I9.II|1 bar, A, deh, H., Quslan, 5. & Ney ‘tatch and column methods in s sorption

Mmlﬂxﬁmml,ml-miml?l

muntma.m . impact of raptd pH changes on actrvated shudge process. Appl Soi 12, 5754 (2022).

21. Jalali, M. & Arfanda, H. Leaching of heavy metals and nuirients from calcarepus sandy-loam soil recetving memicipal solid sewage
sludge. | Fland Nufr: Ssif 5ol 173, 407-416 (2010).

I Vam, W. um;h.n..nd;.r_ & yhang, W. X Mancecale zero-valenl iron (nZv1k Aspects of the core-shell structure and
reactions with Imcrganic species in waker. | Confam. Hydrol 118, %6104 [2010).

F: 8 Ilmg,w’ Dai, &, #hou, X. & Fhang, ¥. Application of zero-valent iron ranopartides for the removal of aquecus rincions umder

conditions. FLOS ONE 9, e35635 (3014).

b8 mhmmn..mn.s & Warazaki, ¥ Mechanistic comsideration of dnc jom nemoval by pero-valend iron. Water Afr Soil Fodlf.
271, 13- 1ES [3011).

25 Kridkndk, K. ef al. Nanosale zero-valent ion for the removal of Zn2+, Zolil)- EDTA and Zoll)-dirale from aqueous solulions.
Sci. Tofal Bviron. 476477, 2028 (3014).

26 bk Redouddm, M. ML L, Kassm, | & Amir. A. Removal of mne by nano-scale zero valent iron in groundwater Appl Meck. Mafer.
F73-774, 12511236 (2015).

7 T, Wierhowska, |, Slerndk, P & Busse, M. K. Effect of the « L on the content and
mdmmmmmmwmdur mmtmﬂ T e

2B Faraglieta, A. ef al Eifeci of the long-ierm application of sewage dudge io 2 calcareous soil on iis ozl and bicavailzble content in

dmmmmmdumlkacp.mu,!sslmlll
29, Michmds, M. B. Long-term biosolids application om land: Benefictal recycing of nutrients or eutrophiction of agroecosysiems?
sl Sysl. 6, % (023).

30 Pmin P X & Al-Abed, 5 K. Assessing metal mobiliration from ndustrially lead-contaminaled solls Iocaied al an urban site. Al
Genchem. 53, 3140 (2017).

3l Duih \"&JmmThmﬂdﬁtmmad?bfmmnﬂ*mnhimmdm‘mgu.lMnﬂca:l.d.

ution. Environ. i, Teckmol 26(1), 406-418 (2027}

k) mmh.nddmdspeﬂmm potential mobdty of heavy metals in organic matter amended sol. Appl Brvtron. Sol
Sl 2022, 1-13 (2022).

33l Diax, M, prn,l E. hlomo,l’&l.obth € Commparison of nanoscale sero-valent iron, compost. and phosphate for Pbe
immmobdization in 2n acidi 5ol Pollut. 229, 1-11 (3018). "

Fd Mibda, A Wikkowd, M. smhuamdmmd.\ummmﬂmm&:mumu.mmn{m Phand Cd:

of solid umsder chan, soil conditions 42, 15248 [2020).

35 fm:iﬂ!m R Jmmmvndn‘fmhuqnud;by mmncm -ﬂmkmﬂawh:'d'nhdmsgﬁmmmur
wasles as bow-cosl adsorbenis and immeobilizing agenis. Crit. Rev. Emiron. S, Teckmol 40, 309577 (20100,

3&F%em,uadmmumuwmmmmmammqum-m
2007}

37 Bolan, M. «f si. Remediation of heawy metalloid)s contaminated soils—To mobilize or to tmmobilize? | Hazard Mafer: 266,
181- 165 (3014).
Schwah, B, Zhu, [ & Banks, M. K. Heavy metal leaching from mine Gilings as aiffecied by organic smendmenis. Sioresour. Technol
a8, 79352541 (3007).

3 l:hm WE, vmr Zhamg, X. & Zhang, |. Stabilization of heavy metaks in contarménated river sadiment by nanovero-valenl

. L Ervviron. Eng. 142, 1-8 {2016).
dn.nn\ldallmnlllmnc{adnlmnmmmhm 15 using, sulfidtred m m“n-rlhtmgﬂlmnclwuhdlﬂum
tron precursors: Ferformance and mechamiem. [ 5ol Sl 23, 35503566 (20230
4l. Dungan, L5 & Dees, K. H. The characlerization of total and leachable metals in foundry molding sinds. |, Emiron. Mamag. 59,

4z Al-abed 5. .1 R, dh: M. & Allen, I Comparatve evaluatson of short-term beach tests for
heavy meial mlm&mlﬂuﬂwmgmm Tikal Exrvivom, 364, 14-23 (2006},
43 L, X & fhang, WX jon of metal cations with zerovalent iron nanopartides— A study with high nesolsbion X.ray

Sequesinadi
spectroscopy (HR-XFS) J. Fips. Cheme. © 111, 69396846 (20070,
4 Gil-1ax, M. o al. Immnobilization and keaching of Pband Zn in an ackdic sodl realed with zecovalent iron nanopartides (nivi):
Physicochemical and invicokogical anafysis of leachates. Witer Air Sod! Foll. 225, 1-13 (2014).

Sciantific Reparts |

(z024) 24:8322 | hitzpe:iidoi. ongl10.1028/551558-005-53055-7 e o ok



wwnw . nature_com/scientificreports/

45. ashworth, 0. 1. & Alloway, B . Soll mobslty of sewage sludge-dertved dissobved orgamic matter, copper. nicke] and #nc. Brvtron.
Pollul. 127, 137- 144 (2004},

46 Lang, L et al The removal of heavy metal catsons by sulfidated nanoscale rero-valent tron (5-nZvik The reactson mechanisms:
amd the rode of sulfur. | Hroond. Mater. 404, 124057 {2021).

47, Liw M. Hdsulrddrdmmalzmnlﬂulmnrncmﬂn bl of b lemi b in sodl and respomse of

crobes. Chemosphere 344, 140343 (2023).

48 Sunu'll.l.e!al Envaronmental fate of sulfidaed niv1 partscie- The mierplay of ranoparticl corroston and toxicty during agng,
Erpriran, 5ol Nang 7, 17941806 {20200,

45. Hul, ©. & al Trnsiormation of sulfidized nancscale rero-valent iron panticles and 1ts effzcts on microbial communitses n soll
soosyslemes. Emviron. Fodu. 306, 119343 (2022,

50 Y. el al Elucidaling the i of sulfur s Lhe reactivily, boxicity, and colloidal stability of posi-sulfidized
s ol Ll ol gty y T reee

51. Mowakovd, T. f al. Pollutant dispersal and stability in a seversly polluted floodplain: A case study in the Litavia Raver, Czech
Republic. | Geochem. Explor 156, 131-144 [2013).

52 Michalkova, 7, Komarek, M, Vitkowa, M., Refinskd, M. & Ettler, v stability, transformations and stabaizing potentsal of an
amorphous mangeness oxsde and its surface modtfied form tn contaminated sofls Apsl. Genchem. 75, 125136 (2016].

Acknowledgements

This work was funded by the Czech Science Foundation—the Grant Agency of the Czech Republic (Project No.
21-23784]). Omelola Ojo thanks for support of IGA Paculty of Environmental Sciences CZU Prague {Project
No. 2020B0025). The authors would like to thank Marie Krilovi, Adéa slphrn. and Andrea Fitkovd for their
analytical work.

Author contributions

0. conducted the experiment, collected data, and wrote the manuse &:QD\ and ZV. analyzed the results.
2.V, and M_K. contributed o r.h:r_ie erimental design and :up-crmcd project. OO, ZV., MWL, LE. and
MK participated in the revision of the manuscript and approved the final version.

Competing interests
The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to 2V

Reprints and permissions information i availabls 2t www.naturs.com/reprints.

Publisher’s note Springer Maturs remains newtral with regard to jusisdictional daims in pablished maps and

instititional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribation and reproduction in any mediam or

l'nrmal.,as]mlgu}nu give appropriate credit to the original author(s) and the source, provide a link to the

Creative Commons licence, and indicate if changes wese made. The images o ather third party material in this

article are inchuded in the articles Creative Commons licence, unless indicated otherwise in a credit line to the

material If material i not included in the articles Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted uss, you will need to obtain permission directly from

the copyright halder To view a copy of this licence, visit hetpe//creativecommons.org/license/by/4.0/.

© The Author(s) 2024

Scentific Reports |

izo2y) 24:832z | hittps:fidoi.ong/10.102:8/541558-025-53055-7 nature por ik



