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

greenhouse. 



Table SI Mean values of initial soil element concentrations (mg kg"1) with corresponding standard deviation across different soil amendments. 

Control l%nZVI 2% nZVI 3% Sludge l%nZVI± 3% Sludge 2% nZVI + 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 61 ± 7 57 ± 7 53 ± 1 5 8 ± 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 mArrhenatherum elatius shoots and their corresponding standard deviation values. 

Control l % n Z V I 2% nZVI 3% Sludge l % n Z V I + 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 1 4 ± 1 16± 1 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 

M g 3 4 2 1 ± 1 8 6 3273 ± 161 2395 ± 225 4694 ± 274 3 5 1 7 ± 1 9 3 4109 ± 2 2 9 

M n 27 ± 10 76 ± 2 9 206 ± 91 5 5 6 ± 1 3 8 438 ± 84 455 ± 82 

Na 207 ± 73 330 ± 47 940 ± 361 159 ± 6 2 1004 ± 196 1779 ± 2 6 0 

N i 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 ± 1 5 7 3026 ± 135 2874 ± 445 3415 ± 2 7 4 2876 ± 226 2998 ± 63 



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

Control 1% nZVI 2% nZVI 3% Sludge l % n Z V I ± 3 % Sludge 2% nZVI + 3% Sludge 
Ca 4647 ± 283 3 8 1 5 ± 1 2 5 3693 ± 242 7 0 1 1 ± 905 6385 ± 404 5836 ± 4 2 1 
Cr 7 ± 1 7 ± 0 7 ± 1 6 ± 0 7 ± 1 2 ± 0 
Cu 281 ± 5 5 224 ± 9 166 ± 31 307 ± 55 191 ± 3 4 154 ± 19 
Fe 281 ± 225 501 ± 9 3 388 ± 7 2 158 ± 6 3 189 ± 3 9 453 ± 70 
K 8227 ± 2385 8627 ± 2152 8391 ± 874 11939 ±3688 16519 ±5888 10008±1648 
M g 1245± 169 1 2 9 8 ± 1 0 0 1010 ± 1 5 1 2110 ± 2 8 3 1886 ± 9 0 1 8 8 0 ± 1 4 8 
M n 55 ± 16 83 ± 2 3 196 ± 8 5 605 ± 212 716 ± 3 9 2 793 ± 223 
Na 282 ± 40 8 1 0 ± 159 1168 ± 2 4 3 394 ± 56 1155 ± 2 2 7 1876 ± 3 6 6 
N i 12 ± 5 8 ± 0 9 ± 1 11 ± 1 10± 1 7 ± 0 
P 1991 ± 3 6 2 624 ± 216 1843 ± 4 2 4 3279 ± 393 3565 ± 4 1 6 3213 ± 2 4 2 
S 2751 ± 2 5 3 2 5 1 6 ± 1 9 7 2 1 8 6 ± 1 9 9 3563 ± 439 2860 ± 247 2779 ± 1 7 0 



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

Control 1% nZVI 2% nZVI 3% Sludge l % n Z V I ± 3 % Sludge 2% nZVI + 3% Sludge 

Ca 8 2 1 5 ± 1 1 8 8 6975 ± 1001 5903 ± 690 10273± 1679 13007 ±2352 11221 ± 6 7 9 

Cr 7 ± 0 7 ± 0 7 ± 0 2 ± 0 8 ± 2 2 ± 1 

Cu 16 ± 2 19 ± 2 17± 1 9 ± 1 20 ± 1 9 ± 1 

Fe 46 ± 10 75 ± 2 4 64 ± 9 63 ± 2 6 105 ± 2 5 89 ± 3 0 

K 63227 ± 7371 63429 ± 2973 54771 ±7562 58439 ± 10475 64808 ± 6381 58669 ± 3237 

M g 3240 ± 320 3238 ± 305 2737 ± 289 3628 ± 379 3528 ± 4 1 9 3567 ± 142 

M n 23 ± 9 48 ± 2 3 44 ± 16 384 ± 7 6 421 ± 35 382 ± 28 

Na 291 ± 56 5 1 9 ± 125 1349 ± 3 9 4 447 ± 68 1171 ± 3 1 9 2 0 6 1 ± 1 0 1 

N i 7 ± 1 7 ± 0 8 ± 0 4 ± 1 9 ± 1 4 ± 0 

P 4997 ± 343 3850 ± 774 3729 ± 582 6696 ± 261 6843 ± 302 6174 ± 3 3 9 

S 3266 ± 2 7 1 3356 ± 4 1 5 3125 ± 2 8 7 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 ± 3 6 2 8424 ± 460 
Cr 7 ± 0 7 ± 1 8 ± 1 2 ± 0 7 ± 1 2 ± 0 
Cu 330 ± 5 7 229 ± 29 276 ± 19 201 ± 4 2 256 ± 35 176 ± 2 0 
Fe 442 ± 135 456 ± 48 1329 ± 3 1 4 3 8 5 ± 1 3 1 605 ± 322 741 ± 2 1 7 
K 3280 ± 3477 12190 ±6560 5577 ±1759 18994 ±2280 18903 ±7781 18485 ±3700 
M g 1290 ± 2 0 5 1641 ± 2 4 6 1359 ± 2 1 8 2163 ± 117 1938 ± 3 9 4 2089 ± 67 
M n 97 ± 19 76 ± 3 1 135 ± 4 0 1516 ± 514 2042 ± 334 2059 ± 8 1 9 
Na 225 ± 19 652 ± 609 560 ± 88 377 ± 22 699 ± 194 1140±149 
N i 11 ± 2 9 ± 2 13 ± 0 7 ± 1 13 ± 1 9 ± 1 
P 2179 ± 7 6 7 3030 ± 833 2584 ± 5 1 9 4443 ± 260 3920 ± 683 3992 ± 3 1 0 
S 2500 ± 430 3364 ± 741 2608 ± 1 4 5 3646 ± 1 7 3 3591 ± 604 3434 ± 258 

Tab le S6. 



Pseudo elemental concentration in thermally treated sludge represented as mean ± standard deviation (i 

As <dl 
Pb 25.86 ±1.78 
Cd 1.36 ±0.06 
Zn 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 TCP OES 
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OPEN Evaluating the effectiveness 
of sulfidated nano zerovalent 
iron and sludge co-application 
for reducing metal mobility 
in contaminated soil 
O m a-l a-l a Ojdj Zuzana Van ková - ; Luke Beesley r Niluka Wick ram a sing he & Michael Komárek 

Sewage sludge has long been -applied tc- soils as a fertilizer yet may be enriched with leachable 
meta l(loid}s and other poll irta its. suhidated nancscalezerovalenit iron [i-nzvij has prow en effective 
at meta I sorption; however, risks-associated with the use of engineered nanaparticles cannot be 
neglected. This study investigated the effects of tine co -application of composted sewage sludge with 
5-nZVIfurthestabilization of Cd r Pb, Fe rZn. Five treatments (control,. Fe grit, composted sludger 

5 n z v i r composted sludge and s-nzvli ftwo leaching fluids; synthetic precipitation leaching procedure 
and tonicity char act eristic leaching procedure iTCLPjf uid were used, samples were incubated 

art different time intervals of 1 week, 1, 3, and-fi months. Fegritpraved most efficient in reducing the 
concentration of eirtractable metals in "the batch experiment; the mixture- of composted si udge a nd 
s-mvi was the most effective in red ucing the leachabilřtv of metals in the column systems,, while 
S-riZVI was tine mast efficient for reducing aboutSffh of Zn concentration in soil solution. Thus, tine 
combination of two amendments,. 5-nZVI incorporated withcomposted 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 af this combination. 

TheiiDp-oimi•!Dt•:<I theEcasyjaern services the soil provides due to onnlaminaudn makes itaglobal prahlém1."|he 
majority of pollution sources are from human made activities, which include mining, transportation, and land 
appJjQtioDíif se*uge sludge. Sê Muŝ esLiidgE is derived as a by-product aiiei wastewater LrcatmejiL". It is a mixture 
o I water im:cganic and organic materials cjtractcd from •various wasacunlcr sources. A significant amount of 
these sludges is-produced, globally] in Úie European Lmion alone, approximately JI million Ions of these sludges 
are prorated annually ,̂ and these sludges must be somehow mcd or incinerated. 

Sludge must he t rented to J O in e extent lie Jere it can he further used. The type of treatment required is deter­
mined, by the method of disposal. These disposal methods have great environmental ignibeanec: il not correctly 
disposed of, 1nc y can pose risks to pul Lie healui and contaminate soil, water, and atmospheric resources; thus, 
adequate and proper management is critical'. Treatment mcuiods change sludge properties and. influence the 
quality of the bod product. Tnerefcire, dier* is a need to select the best sludge trcaLmcrtf, and failure to da JO 
might hare ecological,, social, and economic consequences'.Treat ment mcLhods indude aercbic aod anaerobic 
digestion, composting, pyrolys-is, thermal treatments, and stall ULudc-n with alkaline or chemical substances'. 

Selvage sludge can he applied to land alter LrealmenL. its addition alters-the soil physical, hiolagicaJ, and 
•:h:mi-zal properties'. So J nutrient status maybe bn proved Tiv its application. Yet, when, stored on Lne seal sur-
face, K W S J E sLudgc can also damage the ecosystem because of fts propensity for termenLatiem and hazardous 
compounds/. [tconLiÍD.5 a high concern, rat ion of metals, metalloids, pathogens, and other organic poUutarAî . 
MetaltLoidJs are non-biodegradalil*, so they can accumulate-and •io-mâ oLhr in soil and sedameoA alter their 
mtroductiori5. 

H k m tedn oology has lalel j made it possible to design new oast ctTcc Live and environmentally I riendh/reane 
diation soluLions, in contrast to conventional ph}̂ LrxlicrnJcm technologies Due to oanopajdnles' Luge- surface 
areoT they react more quickly with pollutants . Nana leroralent iron (n/VI) hasheeo used as a soil stabilizing 

DůpartTEin-oF =rv -onTeval Gin:-: tricas, =acuhy of En v -onnuníal Sciflncas, Cibch UnivoTrryof Lifn Sciences 
Pracjc, Karnyckil-Zg, 1£E UC-Praha-̂ LC-idol, L24ch Kapualic.-'Drnail: uanknuai'ijvrsp.LIJ.CZ 
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agwii 1 1 and it can sLabilixc meLa.floidjS in soils. Nana zenavalent Iran has lon-g been used as an inexpensive-, 
eJlLcicnL and cnrirc-nmcnlaJLy tricDcQy Ted.i_:tant [Y.v= - D.44 Y ) | : . The nZV] h ü a b c b « i i t a l « i foriLs ability 
ta red U M and. precipitate metal* Like N i ia bio solid thus rnnkin g Ün e metal ] a i mcbÜe-H.-ilhi]Dwcrbioavai]abi.ily 
and biotaricity". To further increase the nZTuT's reactivity and se I ectLriry towards la.rg.et pcJluU.ri.t3i. modification 
with suLfidatian has heen suggested 1". Tbii method, alters n / V I with lower valcnt sulfur LPnnouiuis , forming 
weaJdy crystalline iron sulfide in thebiilL. material or tbe nZYL" particle-siirb.«1 - 1".TrienZYT particles that have 
been sulfi J-iled [5-ciZ v"[) have demonstrated their ability ta quickly remove _, variety c-f metals. rn cL alia ids rajid 
organic ton Li mi runts' 

3 even I studies h ive demon it rated, the pot E alia L of nZ VI in seil re media Ii or.1". I IcwcvcTpthepcLem-aJ toij-
tologjral risks after nZVI ippiLcitiMi can• Dl be neglecLed. hi order to miciimLie these unwanted HdeerJects^lhe 
application of organic materials,. ind.i_d:uig hiosalids could p r D rn c-te p] a • ! g r DwiJi and microbial activity in KK J I " . 
"IhebiflueciCBoJi-iLEVToD the leaching of mcia^loidjs in sewage: sludge amended, soil using.botb cralumns and 
bar.dk approaches has yet take studied as various factors, such as •wetting beat, •which is-the. heatenergy given 
otfby dry soil when La contact with water; soLid phase disturbance, shaJcing speedr US ratio, and. contact time, 
varies Lnboth met hods may a i » in B • c n « how various amendments behave . 

The objectives of thai study were ta: 0 ) mcasu re the hen eile La] ecfect ofthe co-application of sewage sludge 
with E - D Z V T for suhüLz-Ltion of melalfloLdj- in contaminated soils; [1] evaluate ttiE leaching, of Zn Pb. Cd and 
]:e from amended, soils, and (J) discuss the findings in the CDntext of c • vi no • mental risks- versus ben el: Li of 
uLÜLzängS-nZVl. 

Results and discussion 
Pore water 
The influence i>f im^Ti Jniinls en oi_ta.l(lDid) so.ubilily and transport was investigated using soil pDrc writer 
aii2uyxis-(Fig. l) . 7bc concentrations of most elements [Pb.lld. Eel in pore water werebeiowthc deflection limit 
of the 1CP OE£ with the except inn rafZn» hence,, the resuJts for Zra alone will be discussed ira this secLLon. Tbe 
in Sue nee of various ammdmeaitsoa Zn con cent ration Ln soiLsoluLion is depicted Ln ]:i=. J a. Composted sludge 
treatment caused ara initial increase Ln the p] 3 i&.iS ID. £3.1,. Lhen reduced thepli value until the end of incubation 
time [5.03 ±Q._S?. "the initial increase in soil p] 3 cnigjat be caused, due to the presence of Ml 3 j - N in the sludge, and 
the subsequent fall wascaused by an increasein nitrate c one en L ration, as depicted in l : : i ; . Lb. "[his enrrcspondsto 
tbe brad.Logs of Kolcina et aL", where an LnitLaLp]] Increase was observed, followed br a subsequeen decrease due 
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to niLrification by the addition ofN­rich residue oi"NH t ­N and the­ synthesis of acidic by-products of cLecoraposi­

tion. "DUÍ pH decrease may i l i c he attributed.ID Lbc inputaf EE" by sewage­sludge"'. 
The; results show variations in Ote: Zn. concentrations after L week., J month, i months and 6 months. AH 

amendments niLh composted sludge treatment caused an increase in the concentration ol !!n in solution; how­

ever, the results ­were­ statistically insignificant at these incubation periods, lbe­ S­nZ VI increases the pE [ after 
I month {Fig. J c). Yan et i L H also demonstrated similar Z n removal erarienry of nZVT, the main removal 
median isms roc tbe pollutant were adsorption, compiexaLion. and too] precipitation^­ The pH plays a significant 
Tolein removing Zn by TLZYT ; as Zn uptake­increases as pEE in •: leases, thisconrobo rales tbe boding o fKishimoto 
et al. : H, where Zn uptake increases progressively as pH increases. Tbe highest concentration of Zn bound to nZVE 
occurs at thepEE of 7. rLraisniket aL*'observed a similar result at pEE 7, because at ncutraLp] 3, strong magnetic 
force Enhances parti cle aggregation, thus increasing the potential of contaminant recnoraJ . 

At ] month incubation period, composted sludge increased the concentration of Zn in soil solution by LOTH, 
indicating that composted sludge sign Lucantly increases thecontent ofavailable Zn phases and Its­ mobility"'. 
Some studies have determined that Zn may be more biologically available and mobile in soils treated with 
sludge31. McBride 1 ' also showed that adding biosolids to soil can increase tne traction of bioavoidable Zn. This 
mobdiLy has been observed to increase with tkne after sewage sludge addition to the soil since It can form soluble 
chelates with humified and non­humidified forms of organic matter11. Tbe reduction intheconoentration ofZn 
in collected soil solution after J month in samples treated -with Fe grit, S­nZYE and a m i l l LITE of compos ted sludge 
and S­nZVT reached 30 .Sa .1%. and 15JT4. respectively, when compared with the control With t n Z V l been 
the moste the Lent Ln decreasing Zn concentration in soil solution. 

Batch experiments 
Tbebatch experiment was conducted as a controlled method to delect other meta]flold)s not delected in the soil 
pore water analysis. Tbe TCLF method was used to evaluate the influence of amendments on the Leaching and 
migration of nnelalfjoidjs in the soil system [.Fig. Z}. Tbe pE E of tbe samples extracted by TCLF was similar for 
all tested samples, ranging, between ­1.9ci and because of tbe buffering nature of the T C U ' solution". Tbe 
changes in TCLF­ex tractable Fb concentrations wiLhin ri monlhs were compared in Fig, Ha. lbc availabLc ]o 
concentrations in tbe control group ranged between hH.9 ± J. 1 and 35.t ± ].3 rng hg 1 throughout the different 
incubation periods­. The concentrations of released Fb increased in the Ire grit treated samples (­J7.Pi­Ei.fi nag kg ' ] , 
and S­nZVT treated samples (d5.7 12.i mg kg 1 „• after L week incubation period; this­ might he attributed to tbe 
dissolution of Fe oxides as­acetic acid could increase the number of] i " loos tbat react with the ­ O H functional 
group. An increased number of positively charged Fe­OM groups could increase desorption of metal cations, 
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which were then extracted1'. No dine rem: e occ LIT red. bet tree • s amp La treated with compcwted s.ud^e anc. i n i l 
ture of compre;Led sludge with ^-nZ%1 after L week incubation period when compared with the control samples. 
The con cent rat ions : -: Pb citracted were reduced in Fe grit-treated samples after J month incubation period 
(33 J i D.9 nig kg ') -when, compared with, control samples. A further decrease was recorded after the i mociLhs 
incubation period [2S. I1 L.rS rug kg. indicating LLiL J:n -j-ansformcc freer, c change able Lo oxide-hound frac­
tion, thus decreasing the availability of I'll with time n . ] Jowcvcr, there was-no diHeienc e bclwecu the amount of 
Pb extracted in the lregriL-LrcaLedsamplc after t months of incubation when compared with the LO ntro L 5-• ZVL" 
treatment caused an Lncreose in th e a rnount of Pb eartrac te d o ver the incu.nation period; this was contrary to the 
findings G U • Diar. el aL", where a significant reduction in the Pb extracted using TCLP occurred, over a duration 
of-ISdajs. ] 3nwever, an earlier sLiid.y "hj .UiLunet al_^ usingthesamc contaminated soil as in. our cose reported 
an increase in. exchangeable Fn fracLion compared Lo the control after treating ^ i J i oKVL". This- might account 
for the increase in the conceirtration ofTC TP-extracted Pb. There-was no differencebetween the arnountoJPb 
extracted in samples amended with a m i l tunc of compos ted .sludge and i-nZYL" after J week incubation period, 
while a signiBcaoL increase-of 22%, 33K and. 1S% of F t citracted after J, 3. and d months incubation pcriDdi, 
respectively m observed compared with the control. A slight increase in the Fb extracted Has- recorded for 
samples; treated until composted sludge alone as- incubation rime increased, as the addition of soluble organic 
matter contained Ln composted sludge can elevate metallic id) concentration in soil suLuLLcndueLo the formation 
of soluble organ o • mcLaJ complexes*'. Several studies also reported an increase in Pb concentration following 
the addition of organic material such as-comported sewage sludge and enmpo sled, green waste*1 a . OveralLFe 
grit caused, a reduction in rlie concentration ofextrnc table Fb far the firsts months, while samples treated, with 
E-nZVl alone and a mixture of composted sludge and S-DJtVL" mowed an increase in the concentration ofTa 
extracLcdat most incubaLion times-f, J. 3 and.fi months). 

[heconcentralinnof TIII-P-exLractable^n is presented in Fig 2D. ]ran grit amendment reduces the amount 
of 7.0 extracted, after L week. L mo QUI and i months- incubation period, by- l o V 11% and. 16K compared with 
the control. Other treatments proved Little lo no difference in trie- amount of ZJI extracted Cor thefjrst 3 mouths. 
At the end of o months, all treatments caused, a reduction in the amount nf Zn ertmeted by 15Kj, 6%, and 
. ' . ' \ rJorsarucJes- treated, wit b Fegrit, composted sludge, H--n.iWl.and a iruxtLU-e of composted kludge and. S-nZVt 
TespectLTeLy. 

[he Lowest amnunt nfCd extracted was-from the controL after i months (10.9 t D.J mgltg '.I (Fig. 2c) .which 
is about IS'fb cf Cd Leached with regards Lo the total concentration of C d present in the soil sample. 'Che 5-DiTV[ 

caused, an increase in the amount ofCd extract edaJter the I week incubaLion period ( L i U i C U nog kg ') 
when, compared to the controL There was- no -lirfcrence between theeonceDLraiLou of Cd eartrarled in S-nEVC 
treated samples alter J and J months, but on increase occurred after 6 months (13.7i 3.D nig kg '). This- Ls 
contrary to the Rnd-ings of Chen e ta l . : s and. Xue ct aJ.J", where the concentration of T'CLP-eLtroctedCd after 
sla.bilira.unn wiGi a n/VI/acJinted carbon coenposite and i - n / V I , respective IT, caused a decrease in. the con-
centration of Cd extmctedhy TCLT. Metal speciation before-and after the addition of these amendments could 
help to understand the mechanism of Cd stabilLzatianr as their addJtion caused a decrease of exchangeable and 
carbonated fraction and trans for motion to the residual fraction in both studies. Al l the outer amendments did 
not influence the concentration o fdd extracted after c-mnnths incubation period. 

As depicted, io Fig 2dje, all elements are released at relaLvdr low quantities in SFLF compared to TCLF. This 
dilrerencecanbcaltribuLed. to thcexlniclinn Scud chemistry. The TCLP lluid contains acetic acid, which con form 
acetnte cheUtes. thus promotiog Pb solubilltr*". The SPLP metJiod was conducted to s imulaLe the leucJiicig of 
mclaldoid.)s into soil during acid rainJLhep]] in SPI.F-ci traded samples- ranges between 5.95 and fi. 75. ]n con­
trast to LhebudcringnaLureof thcSPL.P Quid allows the samples pi I to fluctuate41. The Pb concentrations 
extracted in all variants do not differ after the £ re t month [Pig. lA). At the end. of the 3 months, samples treated 
with Fegrit and 5-nZYT. showed a reducLioor/r 73% and t-B% in the amount of F t extracted, respect iv c I j . wn en 
compared to the control. Tbedirrerences in the Pb con centra Lions Ln extracts Bran 5 P LP- trea ted. samples when 
compared Lo TC IP-L rested samples maybcattribntcd Lo thcad^orpJonof Ph Lo soiltiisanicacils 1-. Leadcould 
form complexes with acetate ions. These completes-would cnmpeLe wnh thcadscrptiDn reaction of Pb ions with 
the surface; since hfydmlyicd. metal species and metal complexes are prekciT-^LoJIr adsorbedarer free metal ions, 
the formation ol more trKrmodTTULmically favorable p rccipitatc x.ay cause a decrease- Lo theconceutratKHi of 
dissolved P b a . Chen et aL"" and Pinto and Al-Abed 1 " also dcmonstraJted a similar decrease in PbcooceDLratioo 
in SPLP-lcachcd sediments-when compared with the TCLP-leoched samples. Significant reduction in the con­
centration nfZn extracted from i-ariants with tv grit (52%. i4%r£3%)r5-o'j?vT Ih9%ri5%. 70%), and a mnrLure 
of composted sludge and i-nZVL" treated samples- [33^lj, fj5%, 59%) wns- observed after ] week, 3 months and 
rj months-incubation periods^ respecuveJj", when compared, with, the control C Fig. 2e). CVodLneresnce was obserred 
between the sarr.pics treated wiuS corrrposled sludge alone atoJL iocubation periods campored to the control. 

Column leaching 
TCLP 
Column experiment was performed to evaluate the effect of various amendments on the mobility of metal [bid) 
s under dynamic flow conditions in contrast to the static batch experiment. Ihechanges in the concentration of 
Zn and Ph, and Cd and ]:c leached using TCLP 1 ore depicted in Figs. 3 and 4 below. The most significant differ­
ences among the a mend men Ls were observable within theftrst L2Q m in, while the svsLem reached Jie equilibrium 
roughly after 120 min.cscc^Lin -iam-?ki rreuliJ with J rr.ivLre IK M n / V l anc evimposted sludge, which caused a 
continuous-decrease in L be concentrations ofmost elements, throughouL all sampling Limes when compared with 
thecontroL The l :c grit causes-on increase in the con cent ration of Cd C]-ig. 4a) and Pb {Fig 3c) leached after the 
first 75 min at the end of] week incubation period when compared with Lhe control: this elfect was short-1 red as 
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figure 3L The coneec tra tinn of Zn,. Pb, leached hy tbeTCilJ? in the column experiment after the application of 
various soil amenidrnenls atdilferent incuhalinri times. 

the coQcentn.u-aai ofZn [Fig 3b], Pb [Fig, 30. ajidCddPig. dbJlriiched after L month inclination-LYU DO dilfcrcr.: 
w be n. co mp ared iriLh iheconLrciL I lowc-ver. ]:e 2rllca-jsed.a reduction Ln the ccci cent ration ofCfLZn and Pb up 
to l3ii:1rsL JIG nun arierl months and 6 mooihs incubation period in comparison with the aintrolrWiLk Fegrit 
being the best a meed men t tor reduction, of Pb leaching aL iheend of the 6 month, incubati on "period. l.eachalcs 
from ccdiijnns containing soiLs Lrcalcd with E^riZY] had murdi Lower Pb [up to J moodi] and Zn (up to t moDthj] 
conLents 0TJ.II those from control soils. "Lheim mob dilation of Zn was Less elreclivE than Pb. aod this-difference 
is-attributed to the dilfercnce in cheanical characteristics between thetwo meLaJs. The removal mcchinism for 
Ph by nZVI is sorption and partial chemical reduction,, £n inns are bound to Ft surface by sorption or surface 
complex formation^. GJ-Diaj c laL" reported a similar decrease in Lbe concentrations ofPb and LnLeachales 
from columns containing soils treated, with nZV'[ r being signiJicand}' loner Lriin. those from die unLrealcd soils. 

[heS-nZVI amendment increased, the concentration of <Zd towards the end of sampling bmet I mi.n3after 
1 week (Fig, da] and 3 morUthi [Fig. 1c] incuhrUtkin period -whcri compared with the control. Composted .sludge 
alone had Little to no influence on the change in concentration of /JI and ]̂ b at die end of I week, of incubation. 
] Jcwc^rr. bath Pb and Zn concentrations were sLunilicnrrJ}- reduced alter I rnonLh and 3 mcnthj. aRcr Which the 
effect phased nut and at £ months .as no dilfercnce was observed, compared to the control. Several studies Inves­
tigating the Zn mohilrtv changes driven by senate sludge application round that the adsorption of Zn to the soil 
solid phase caused a reducJonm the amount of Zn Leached in colunuif '^indicating thai soil solid surface acLed 
to remove soluble Zn Cram its-organic ligand. Zinc can aLsohebniinJ. to organic matter or carbonates present in 
sewage sludge. Ikeeifc-d oJthe mixture of onmposted sludge and S-n.£VI Ireatrrjent was prorviuneed Lhroughout 
all incubation periods- as tJie most clfcclii-e amendment Eor the reduction of the leaching of all elements (Zn, 
Gd, uid. Pb) at all jampLing times. i h H w r . after fl mciDlru, this amerLdmccil increase: the- cur-i-ir.Til ii>r :•: Pb 
(Fig. i h I and C d (Pig • J •' when compared T*ilh the control sample towards the end ofthc sampling Lime. 
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Figure 1. 1 Kc- L c-iv «itra ti c- n. of Cd, Fe Leached li Tunc TCLP" in the column experiment aTtcrthc application of 
various soil amendment! aL different Incubation times. 

S U P 
Tbe concentration ofZn and l :c leached from amended soil using 51*LP is depicted, in l : ig. i neiow. Al l amend­
ment! ioGnenceon ZJI Leaching ix pronounced mainlvin Qie first 45 min at all incubation Limes. It suggest! that 
the-SPC.F-leached samples reach equilibrium faster than the TCI.F-leached samples. The concentrations of Cd 
and F t leached lasingSFLF-wcrc nelow-Lrie detection LmrLoflCPOEE,, in di a ring: the effect of the fluid chemistry 
on die- Leaching of these. mfltaLs. For instance, acetic acid present in TCLF can promote Pb Leuchijig. due- 1c the 
formation of soluble- acetate cJielalei^. 

Composed sludge treatment increases the concentration a f 7. n ool j in tbe brxl 15 min at all incubation 
periods> after wliich Lheconccnlra-Jt n ol '/.^ Lea died ices not differ from control. S^nZYL reduces- Y.a Leaching 
after the firs: II n : r ih j r . VK^V anc I r rnLr . incubation period tut increases Zn leaching at the Brit sampling 
time H 5 min) .after which no difference occurs When coenpared with tbe control Tbe Fe grit reduces Znleach-
ioErootr in the- fi.nt 15 min alaJL incubation periods, after which concentrations dc- not differ comparedto the 
control. Samples treated with a rniiture of composted Judge and S-nZVT reduce Zo Leaching ordy in -the first 
6Dmui at all Incubation dmES-corjiparedwith the control. 

The: influcDcc D[applied ajnendrncnLs OD 1:C Leaching i i depicted, in Fig. 5. 'the additLoo of all amendmcnti 
increases the concentratiori of released Peat J -weeJr. variants^ with the exception of samples treated with amir, tun: 
of composted sludge- and I* n / V I . The S-nZVT and Fe grit amendment reduced l-e concentration at .. month, 
but samples treated with a m i l ture of composted sludge and S- nZVT caused an increase- in ]:c CDrLcentiation id 
tbe same incubation period. No ditferencc occurs between Pe con cenLraL ions afier 3 and rS months in all amend­
ments. I foivcver, most of the l :c concent rations Leached fiocn samples with composted sludge and ai-nZ VI mix 
Hi-re beJov; the detection Limit of ]CP OES at rncs-l sampling points for 3 and 6 months. 

The differences in the effect of amendments Ln the batch and column system may "he attributed to the dis­
crepancy Ln the experimental method as variations exist ne twm therm, certain factors lihe iJiaJung speed, US 
Tali*-. ir. J contact Lime are not tbe same in both experiments-and may alio impact the neba-rior ofamendmenL. 
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l ign iT t i . [he-concentration cifE^ and Jínlcachcd trom t be OD I u oui s with amended soils using. 53 T. ľ at different 
i&riibalJDn times. 

Benefits and risk cŕ 5-nZVI uiage 
Tbc use í-l ľ> T I f o r the stabilization of m i l i M e i Jf i appears LÍ: bc i promising tiption. S-nZVC has bc-co 
described in rccenlycars to Impiore nanoparcide jeioeuvitp and T U C Ü D H rate fnr target pollutants. Whilethe 
use of S-a'/.Vl may bc considered as tbc "bes:' treatment option in some cues, it nni-zbl not be suitable in olber 
cases; ax obtained, from our study, the application ofa-n/VI done without c o-application i d composted sludge 
was triebest fnr the removal í i í 7 n from soil solution. For thcbatdi E x p e r i m e n t , 3 - c a u s e d an increase in 
the concentration o iPb JOT TCLP-lcacbcd samples. Tbe co-application afS-nZ%1 andcornposoed sludge in trie 
column experiment resulted in a constant dedine in all nlemcnU of iütcresl; therefore, it is possible to inter 
that sereral Jactorsy including-die experimental setup, maj aďec t E-nZVT. erlLCJcocy. Besides adsorptioni'surface 
coinpleiatbDai ranolber reaction mechanism between metali bccocrtj.rriLru.nt s and. S-D JÍVÍ Is .sulfide prccipitaLioo, 
since sulfur has a large athnity for metals. Sul TUT is olio oxidized, to 5? and. £Qj ľ during tlie reaction and the 
enviro o mental impa-raottheS-nZVl u thus o f concern'*. 

Rank aKu.nJj.noe diver sky analysis indicates that S-nZV[ treatment poses Lower cytoliir. ici lj - LD micTobial 
diversity. Addition ally, microbial communi tK responses after ři--nJ! VI treatment showed that p rot coll act c ri a were 
promcncdwhueaclLnobactcria were grossed* 7. ňcnc rade l aL 1 ' üsvcsu'gatcdtbceifecLs cd Ť! T I/V I on an activated 
sludge microbial community and shewed nn discernible negative elrecis. which was in contrast Id tbc findings 
ol I lui uLo].1', where 5-nZ VI increased, soil microbial diversity and altered tbc .structure o f liacleTi aland, fungal 
communities. Cbena ct aJ . u olio used cTfühenohrd roü as a model organism to assess the t M Lály aJE--nZVTio i n 
aqueous environment and indicated that ^--nZVi bad taw lojücity ( ICH than O.io-logJ to E. coli, Indicating that 
there was no ásk associatedwith E-nZYI in oauotic environments. 
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Materials and me-thcds 
Characterisation of tested soil and amandmentE 
lbe- » i l sample used in dnu study was obtained from the : míl i i Dg region DlPiibram,. Č u c h Republic. Ihc 
Pribram soil has L K H polluted from metallurgical artiviLies iJuough aLrnosphcric deposition of conLaminanLs 
and by historici] floods, ^ i c h enriched the seal with risk metal (Lo id Is. According Lo earlier sLudics conducted 
in Lbs iLudy area,]:h. C:dFand / • art mainly prcvalcnL in tbc most mobile LTactionx'1. hventhnijfdi mining, was 
slopped in ]975, tbc 5 rr.c] Lung acuviLies arc still operation aL 

The soils top horiion [D-JŮ cm) was taken, aii-dricd. homogenized, and sieved Lh rough a 1 nun 5 ÍCYC . Ih* 
soil was alreodj characterized h j MicbaJhova et aL a . The S-nZVÍ slurry used was produced b j h~ano ]jan Ltd. 
ÍNANOPER T.iDS. Liech Republic), and the E^griL -was pro-.Ťdedasa waste product oritjjnj.liDg.from.casL iroa 
cutting. The composted sLndge-was oblained from a YrasLewaLtr Lrealment plant in the d e c h Republic. Various 
composting piles were sot up. and the biomass for composting wax prepared t y mixing raw sewage sludge and 
g n u pruning. The conaposiing dura Lion was eighL months. ToLal elemental conccnLraticins in the composted 
sludge: 3iid Ft chips were! deteirnined using [CP GEE (iCAJ*7000series. [CPspectrometer; Thermo Saerrtinc, 
USA) after miur/VALveaciddiijcsLion which was performed following L-"S ETA method 3Ů5DA using a rcprusenLi' 
Live 0.5 g el sample iu a m i l Lure of ECZ^Oi ]3Cl and ]]]• (£.3:1 J. Analytical blanks containing only iJie1 reagent 
were also prepared. After the microwave digest Loo, samples were evaporated to dryness at I DO "C and dissolved 
in ID m l 1% H h"Oj> Quality con t Jíl L of sample digestion was done­ by analyzing cerLLfied reference materials 
BCR­43 3­70G and LVKT.27IQA and comparing the res id Is obtained wnh lbe ccrtiied values, lbe pbysico chemical 
properties ot" the tested contaminated sod aud soi] amendments are summarized in Tahle. I. 

Soil pore water analyses 
The impacL of theamc­ndmcnLs and incubation period on the chemistry of soil pore water was investigated. 
Five tiealmcau wen: used: (CODUD ! CCj, Jtt 5­nZVl [CÍ&, 1% p i l { C P l (w.'w). 1% composted sludge (CC) 
(wrw), ] * c amp csted sludge (w/w) t J % S­nZV] ÍCCS) (w/w)). IheJiDOg of dry sod was used per pot witb. three 
replicates per amendment and per each incubation Lime •! I week, L month. 1 months­ and Ě months] R bizon 
samp I ex (RJiixospherc Research I FioducU. aether! and 5] was attached Lotrie­ba» of each container. The poLi 
were watered twite weekly to mainlaiu the moisture­1 ere! at the held capacity. Alter each incubation periocL the 
soil pore vraicr was coJ]ccLed using the KhLzcD sampler and anatyzeá. lbe contenLs of ir.ulil'.:".J ft. DOC, and 
anions were determined as described above­, and pEI and Eih values were recorded. 

Batch experiment 
To Bod o Lit how tbc addition, of the tested amendments aifects die mobility n í metal [o id )s in the contaminated 
soils, incuba Lion baldn e^pcrimcuts were coo ducted. Fcr this­ exper LmenL the ujne­ ajnendrnienti Ciip'i of amend­

ment and do sage j and experimental design (inciiba Jon úmes r number ofreplicatcs) as in the experiment dcaJin­g 
with sod pore vra:cr sampling were used [see ""Sod pore water analyses' secu"on). At the end o i each incubation, 
period, soil samples were dried at ťů ť. for IS b. 2 g of the dried soil were trartsÉerred into an citroction vessel. 
Appropriate-Tolumes oftheEPLF solution, pH i.Ks (US-EPA methods LÍJ2), o rTCLP solurian,pH 4.9J±d.0i5 

: I "A 7.-.-..i jddi'-. .•• ...^1! _t _ 1:1 : '.•/• - . Iht vusvJ v̂as V. . . . " L i : . - : ' . : '. h h ich 
samples were oentrifuged at iOCO rpm for 10 min. The liquid and solid phiscs were separated by £LlrarJon through 

1«™, 
r « - i ELM [QIM 
OEpnafllfJ 
tDCfl.] L 1E-1 H E 

.• •- _ - : : . • : 

1 :-i 52 
:>•[ :lrsriull-[ 
ijrey l̂ rr 
T l̂meuJiluiliccoic-iitriUcfu nu-lt([in-5 
"e-4 1 C iimpi"J.:d JUJLX FetjrlL 
As ••.Jl \CJ 

Ft 23J±J.I ; 

Gl W±JD •CM <• 
/n • . - XE± L-TJ : -li-

Cu ICV: : B i l l 

. JV.JIfl , .U 
Hi 3A6±3 75591:477 

Table I. "her^yiicr>rhemicaLchajact±rísticGf LheiLudy ioiL rcprescoted as mean í jLandard deviation "in = ?). 
<dl rauLli lower than tbedetecLion lira hot the [CP 01.S. 
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aU.-li- um cell ulose acet at c s J J in p= fn Lie-x. The I eac h a Le s cx i U rc Ltd we r c analyzed ten mcLaJi. anions, and nisi civ-id 
organic canon: -he pi I anc I "Ik va_ues were also measured. 

C o I u m n -ex pe r i m -e n t 
"Lie- influence of various amendments on die trails port r^havi or of con lamina cits Ln trie tested soils was investi­
gated using a column experiment. Similar amendmentto sod pore water sampling is; used (see'Boil pore water 
analyses" section). Five treat me nts mere used (control (C], L % 5 - T L Z V T (C5), \% Yc grit (CF) [w^w], L%oom-
posted sludge <OC] (w.'w). Lft composted sludge [wlw) + Lft SnZVC [CCS) [wVvOJ. r t ior to the leaching ofsoj] 
samples in Lne colmrmi.se Js with applied amendments (including control sod) were pre-incubated for different 
time intervals to eriahle the evaluation of ihetimc-dcpcndcDL changes in cooLaminanLs' Lc a cb ability. Fortbk 
purpose, a naassoJ 30 g of toil (amended or contiolJwaspul into the pot [this mass was recalculated depending 
on the percentage of each amendment). The- pots were regularly watered wiLh deioniied water to maintain held 
capacity forditTcrent time rates (L week,. 1 month, 3 months, and 6 months). After each incubation period, the 
soil sample was used in the column experiment-

Two different soluLions: [i) syndnetic precipitation Leaching procedure [STLD at pE[ i.DO (US EPA method 
] 312] and. (ii] tccichy precipitation Leaching procedure (TCLP) at pN 493 iC'.GS [LIS EPA rmthod. J 31L] were 
used as leaching soluLions. The T C L F aims to simulate cantaminanL leaching in municipal landfills. TheSFLF, 
on theother hind, tries-to mimic the leaching ofconLamLnants under acidic precipitation. Alter each incubation 
period, samples were transferred into a column ( E l d - R A D Eicono glass chromatography columns- ofdimen-
sion ISyJOcm) . For pracrical reasonsrthe columns were operated in a down-(low mode. ]n orderto minimLce 
the risk ofpreterential flow and channeling, alow flow rate 1.0.5 ml. min ') controlled using peristaltic pump 
was used- The same operation mode was used for all the treatments. The LeachatM collected were anal j ied for 
TO rial [ Laid! s using [CPOES, anionsusing rheion chrarnatography ([C, Dioriex5C0i>+1 Thermo Fisher Scientific, 
USA), and the dissolved organ ic carbon (DOC) using a TQC/TC ana I Tier (TQC- LCFE [, Shimadxix rapan). The 
phi and Eh values were recorded. 

Statistical analysis 
Statistical analyses we re performed using SigmarTot L4.D (Stat soft] nc , USA). ELsperimental data were evaluated 
using analysis of variance [ANO VA) at P < 0.05 using the Tixkey pos-t hoc test. 

Corc lur ion 
Sulndated nano zcrovaJenL iron (S-nZVf? was used in combination with composted sewage sludge to evaluate its 
ability to reduce Lheleachabilrty of Ph, {Id. Z D , while the release of 1̂  from added amendments was investigated as 
well. In batch experiments, FegrLt amendment proved to be generally the most enecln/c for reducirig the release 
of targets contaminants-. ]n contrast, the composted, sludge and S-nZV[ mix amendment proved to he the most 
c:fec:ivc in column eiperim^nts-The I"TI,CU , and Zn concentrations in the TCLF extract foLowed the decreas­
ing order of Zn> Pb>Cd. Dinerences in fluid chemistry ofthe leaching solution STlFand TCLP alsoalfectthc 
Leaching of Z n r Cd , and In common with many, or even most, studies investigating metalloid] Leaching pE [ 
is the most important factor tor rJi removal by n'/.Yl in soil solution. Bolh amendments (Fe grit and. a miiture 
ol oc:rr.po::led slncgc anc vr.iTVI!' have proven, elreclive depending on the experimental condition, with ];c grit 
being the most cost-efficient of the two amendments and might be a good use for wasle maLnriil. 

As a next step., an evaluation of the Long-term effects of both amendments should he conducted. Also, the 
toiicological effects oJboth amendments should be evaluated on a short and long-term basis. Since samples 
amended wiLh composted sludge alone hare little to no influence in the stabiliration of contaminants both in 
the hatch and column experiment in this study, it is- rKomnrcnded.-uiat subsequent studies should use higher 
doses greater than [% to test its stabilization potential. The obtained results show thalS-nZYT. iselhcient tor the 
stabilization of metal[loid]s. E [owevcr. it is necessary to investigate further its fate and. potential toxicity as cur­
rent toxicologic al data are mostly derived from short'Lc-rm erpcrimenLs. To further comprehend any potential 
environmental concern, it Is necessary to explore the long-term evaluation ofS-n/VC especially in the field. 
Lastly, WE advise using both short- and Long-term environ mental mo ni to ring, focusing o n the c-colo ideological 
impacts of S- nZYl as-well as its transport and persistence. 

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