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A B S T R A C T   

Injection of microparticulate and nanoparticulate zero valent iron has become a regularly used method for 
groundwater remediation. Because of subsurface inhomogeneities, however, it is complicated to predict the ZVI 
transport in the subsurface, meaning that tools capable of determining its distribution after injection are highly 
useful. Here, we have developed a new direct-push based technique, which combines fluorescent and visible 
imaging, for detection of sulfidized nanoparticulate zero valent iron (S-nZVI) in the subsurface. Laboratory ex-
periments show that the redox sensitive fluorophore riboflavin is rapidly reduced by S-nZVI within 200 s. 
Because the reduced riboflavin losses its green fluorescence, it can be used as S-nZVI sensitive indicator. Sec-
ondly, S-nZVI is black and tints light coloured sediment to a degree that allows detection in images. For quartz 
sand, 70 mg/kg of S-nZVI can be detected by visible imaging. Based on these results, a new direct-push probe 
(Dye-OIP) was designed based on Geoprobe’s Optical Image Profiler (OIP), which was equipped with a fluo-
rophore injection port below the OIP-unit. The injectant consisted of the redox active riboflavin mixed with the 
redox inactive fluorophore rhodamine WT, which fluoresces red and was used to verify that the mixture was 
indeed injected and detectable. Small scale experiments show that the fluorescence of this mixture in S-nZVI 
amended sand changes within 150 s from green with a hue of ~50 to red with a hue of ~30 when imaged with 
Dye-OIP. Tests of the Dye-OIP after a S-nZVI injection in a 1 m3 sized tank show that the tool could detect S-nZVI 
via fluorescence and visible imaging, when S-nZVI concentration was >0.2 mg per g dry sediment. Thus, these 
novel methods should be able to detect S-nZVI in the subsurface, without relying on infrastructure such as wells. 
Based on our results, the Dye-OIP could be further improved to make it suitable for regular use in the field.   

1. Introduction 

In-situ remediation of contaminated sites using zero valent iron (ZVI) 
has become increasingly popular, because ZVI is able to react with a 
wide range of pollutants (e.g., Cao et al., 1999; Fjordbøge et al., 2013; 
Gillham and O’Hannesin, 1994; Kanel et al., 2005). Microparticulate 
and nanoparticulate ZVI can be delivered to the subsurface via injection 
(e.g., Elliott and Zhang, 2001; He et al., 2010; Kocur et al., 2014; Nunez 
Garcia et al., 2020). Although nanoparticulate ZVI is toxic, the envi-
ronmental benefits of the treatment often surpass the risks induced 

(Semerád and Cajthaml, 2016). However, the subsurface is highly het-
erogeneous, meaning that transport often occurs preferentially along 
high permeable layers during injection (e.g., Flores Orozco et al., 2015; 
He et al., 2010; Nunez Garcia et al., 2020), and that accurate prediction 
of ZVI transport becomes almost impossible. Hence, it is important to 
verify the distribution of ZVI in the subsurface following injection to 
ensure efficient contaminant remediation. 

Nearly all methods for determination of ZVI distribution rely on 
retrieval of water and/or soil samples, which requires installation of 
monitoring wells and/or core extraction. Sampled ZVI has been 
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identified and characterized using scanning electron microscopy, 
transmission electron microscopy, Mössbauer spectroscopy and X-ray 
photoelectron spectroscopy (e.g., Kocur et al., 2014; Wei et al., 2010). 
However, these techniques are impractical for fast, routine measure-
ments in the field because they require special instrumentation and 
complex sample preparation (Shi et al., 2015). The presence of ZVI 
particles makes water samples blackish, meaning that the material can 
be recognized visually and detected spectrophotometrically (e.g., 
Johnson et al., 2013) Additionally, ZVI in groundwater can be recog-
nized by changes in dissolved oxygen concentration, oxidation reduc-
tion potential (ORP) and/or pH (e.g., Elliott and Zhang, 2001; He et al., 
2010; Johnson et al., 2013; Kocur et al., 2014; Luna et al., 2015; Wei 
et al., 2010). This is because the oxidation of ZVI consumes dissolved 
oxygen and, under anaerobic condition, protons. ZVI in water samples 
can also be traced indirectly by the dissolved ions from salts used in the 
ZVI-synthesis unless the solid was separated from the supernatant prior 
to injection (e.g., Kocur et al., 2014), or by conservative tracers such as 
Br− if co-injected with the ZVI (e.g., He et al., 2010). As an alternative, 
the observed degradation of contaminants has been related to the suc-
cessful emplacement of ZVI in the target zone (e.g., Elliott and Zhang, 
2001; He et al., 2010; Luna et al., 2015; Wei et al., 2010). However, the 
absence of contaminants can also result from displacement of the 
groundwater by the contaminant free injectant and/or enhanced mi-
crobial degradation because microbes utilize hydrogen released during 
ZVI oxidation by water (Johnson et al., 2013). Another common way to 
confirm the presence of ZVI relies on determination of the total Fe 
concentration in water samples (e.g., Elliott and Zhang, 2001; He et al., 
2010; Kocur et al., 2014; Wei et al., 2010). Because the total Fe con-
centration also includes oxidized particulates and dissolved species, an 
increase in total Fe concentration can be related to the ZVI injection but 
it does not allow quantifying the ZVI concentration itself. Because ZVI 
reduces protons to hydrogen gas, the amount of released hydrogen gas 
from preserved samples has regularly been used to quantify the ZVI- 
concentration (e.g., Kocur et al., 2014; Luna et al., 2015). However, 
water characteristics such as dissolved tracers and salts do not specif-
ically track the ZVI mobility. Measurements of geochemical parameters 
can confirm indirectly that the field site is impacted by the injected ZVI, 
but they do not readily delineate the location of injected ZVI (Kocur 
et al., 2019). 

Various geophysical methods have been used for monitoring ZVI- 
injections. Magnetic susceptibility of soil cores has been measured to 
determine the distribution of microscale ZVI (e.g., Köber et al., 2014; 
Luna et al., 2015) and in an injection experiment, magnetic suscepti-
bility sensors were installed in the subsurface at different depths and 
distances to directly determine the radius of influence of an injection 
(Velimirovic et al., 2014). Complex electrical conductivity imaging has 
been applied to trace spatiotemporally injected microscale ZVI at field 
scale (Flores Orozco et al., 2015). With this method, the delivery of ZVI 
to the target zone as well as off ZVI target movement by preferential 
transport could be delineated. However, the method requires sample 
retrieval from the subsurface for interpretation of the geophysical data. 
For a more comprehensive discussion about ZVI detection methods we 
refer to Kocur et al. (2019) and Shi et al. (2015). In conclusion, deter-
mination of ZVI in the subsurface requires expensive coring for soil 
sample extraction, installation of monitoring wells (groundwater sam-
pling) and/or for installation of detection systems. Secondly, most 
methods measure ZVI indirectly and so allow only limited insights into 
ZVI distribution. 

As a novel alternative to ORP measurements, laboratory experiments 
with redox sensitive indicator dyes have shown promising results for 
detecting ZVI. The method relies on the detection of compounds, which 
after reaction with ZVI change colour (i.e., absorbance spectrum). The 
colour change of indigo-5.5′-disulfonate, for example, has been used for 
the specific detection and quantification of ZVI (Fan et al., 2015) and it 
has also been noted that resazurin changed colour from purple to pink as 
a result of reduction by ZVI (Tratnyek et al., 2001). In comparison to 

standard electrodes for ORP-measurements, redox active indicators have 
the advantage that they can be designed for specific redox reactions. In 
addition, the measurement of the dye redox state via ultraviolet visible 
light (UV/VIS) spectrophotometry is fairly simple. Finally, one can avoid 
erroneous ORP measurements which occurs when ZVI attaches to the 
standard ORP electrode and causes abnormally low redox potentials (Shi 
et al., 2015). Consequently, Shi et al. (2015) highlights the use of indi-
cator dyes as a promising alternative to common ORP measurements, 
although it has not been implemented to detect injected S-nZVI yet. 

In this study we have developed a new, direct-push technique (Dye- 
OIP, based on Geoprobe’s Optical Image Profiler (OIP)) and tested its 
capabilities for in-situ detection of sulfidized nanoparticulate zero val-
ent iron (S-nZVI) injected into sand, either directly through visual im-
aging or indirectly through quantification of fluorescence from a redox 
sensitive fluorophore, which is injected during probe penetration. The 
Dye-OIP consists of an injection port for delivery of indicator fluo-
rophores, which is situated below a camera and two light sources for 
visual imaging and fluorescence quantification. S-nZVI was chosen 
because recent studies have shown that the material possesses several 
advantages over bare nanosized ZVI. Treatment of ZVI with sulphide 
increases both its redox reactivity with a range of compounds (e.g., 
Butler and Hayes, 2001; Mangayayam et al., 2019b) as well as its 
longevity because the reduction of water to hydrogen gas is suppressed 
(e.g., Fan et al., 2016; Mangayayam et al., 2019b). Up to 12-fold higher 
TCE removal efficiency was observed when S-nZVI was used instead of 
untreated nZVI (Brumovský et al., 2020). Furthermore, a field study has 
successfully demonstrate that S-nZVI is able to effectively reduce and 
immobilize Cr(VI) (Brumovský et al., 2021). To test the probe capabil-
ities, we have studied a) the sorption and reduction kinetics of riboflavin 
and rhodamine WT in the presence of S-nZVI; b) the detectability of 
fluorescence from riboflavin and rhodamine WT with the OIP before and 
during redox reaction with S-nZVI; c) the influence of S-nZVI on soil 
colour in the OIP images and d) the detection of S-nZVI injected in a tank 
with the Dye-OIP. 

2. Dye-OIP design and experimental strategy 

The novel Dye-OIP was designed by Kejr Engineering Inc. - Geoprobe 
systems (Salina, Kansas, USA) based on our requirements. The prototype 
consists of two main components: An injection port that can deliver the 
fluorophores to the subsurface during probe penetration, and further up 
the probe, the OIP-unit, a detection system that can induce fluorescence 
and quantify its colour and intensity (Fig. 1). The OIP-unit is identical to 
that used in recent studies (McCall et al., 2018; Reischer et al., 2020b). It 
features a high intensity, light emitting diode (LED), which produces 
UV-light at a wavelength of 275 nm to induce fluorescence. Addition-
ally, a second LED emits a broad spectrum, visible light for imaging of 
the subsurface. The light is emitted through a sapphire window and il-
luminates the adjacent soil and fluids. Backscattered light or induced 
fluorescence is detected with a complementary metal-oxide- 
semiconductor sensor. The OIP-unit can run automatically using either 
UV light or visible light for illumination. Additionally, a pair of images 
can be captured manually using both light sources (i.e., two images are 
captured at the same depth with UV-light and visible light). These im-
ages are called henceforth “manual images”. 

The fluorophore mixture is injected with Geoprobe’s screened in-
jection port (part of their hydraulic profiling tool), which was placed 13 
cm below the OIP-unit (Fig. 1). The injection port has an inner diameter 
of 0.8 cm with a mesh size of the screen of 0.25 mm and can be con-
nected to a peristaltic pump via a tube to enable injection at small flow 
rates. With this probe configuration, fluorophores can be injected during 
probe advancement into the subsurface to react with the surrounding 
soil matrix. When the OIP-unit later passes the region with the injected 
fluorophore, it can induce and record fluorescence. Further details about 
the OIP are available in McCall et al. (2018) and Reischer et al. (2020b). 
Finally, the probe is equipped with an EC dipole array located at the tip 
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of the probe (Fig. 1) which allows the assessment of pore fluid con-
ductivity under certain conditions (McCall et al., 2017; Vienken et al., 
2017). 

As candidates for fluorophores, we selected riboflavin and rhoda-
mine WT. Riboflavin (Vitamin B2) is a natural, non-toxic fluorophore 
with a high fluorescent quantum yield, that can be produced at low cost 
(Zähringer, 2014). Oxidized riboflavin exists in cationic, neutral and 
anionic form. The neutral, oxidized riboflavin has the highest fluores-
cence quantum yield (0.26) and emits green light (peak emission at 516 
nm) when excited with UV-light (Chen et al., 2014; Drössler et al., 
2002). Because speciation and optical properties of riboflavin are pH 
dependent, maximum fluorescence occurs between a pH of 4 and 8. The 
acceptance of two electrons and two protons leads to complete reduction 
of neutral riboflavin (Eq. (1)), which does not fluoresce. 

RiboflavinoxH+ 2e− + 2H+ = RiboflavinredH3 (1)  

(modified from Bae and Lee, 2014). 
It has already been shown that nanoscale ZVI can reduce riboflavin 

rapidly (Bae and Lee, 2014). Hence, riboflavin was considered as well- 
suited, turn-off redox indicator. 

To ascertain that lack of observed green fluorescence from riboflavin 
would not simply be caused by insufficient fluorophore injection or a 
malfunctioning detection system, an additional, redox inactive fluo-
rophore, rhodamine WT, was co-injected with riboflavin via the Geop-
robe’s injection port. Rhodamine WT fluoresces red, making it 
distinguishable from riboflavin, and its behaviour is well known from 
hydrological studies (Flury and Wai, 2003). Rhodamine WT exits in two 
different isomers, with one isomer being more prone to retardation 
(Shiau et al., 1993) and fluorescence is less pH sensitive independent of 
the isomer (Käss et al., 1998). During probe advancement, both fluo-
rophores are injected simultaneously via the injection port. Thus, if 
riboflavin is reduced, green fluorescence would decrease, and the red 
fluorescence of rhodamine WT would dominate the signal observed by 
the passing OIP-unit. 

For use with the Dye-OIP, the fluorophores must meet four criteria:  

1) The redox indicator must react fast, so that its fluorescence has 
substantially decreased upon passage of the OIP-unit at reasonable 
penetration rates. Our first objective was thus to expose riboflavin to 
S-nZVI with and without carboxymethyl cellulose (CMC) and use 
UV/VIS spectrophotometry to assess its reduction rate. CMC is 
typically used for stabilizing nZVI which enhances the mobility in the 
subsurface (He et al., 2007; Li et al., 2015).  

2) The redox reaction of the indicator fluorophore must be much faster 
with S-nZVI than with other electron donors present, so that the 
signal is specific to the injected reactant. Hence our second objective 
was to determine if riboflavin is readily reduced by magnetite, Fe(II) 
Fe(III)2O4. Magnetite was chosen because it is an abundant natural 
mineral with mobile electrons in the crystal lattice that can be 
reversibly oxidized and reduced by microbes (Byrne et al., 2015; 
Kündig and Steven Hargrove, 1969). Hence, magnetite could 
potentially reduce riboflavin.  

3) The fluorescence of the less reactive fluorophore must not decrease 
substantially before passage of the OIP-unit. This might, for example, 
occur as a result of sorption to S-nZVI and sediment, which could 
quench fluorescence. Our third objective thus focused on the long- 
term fate of rhodamine WT upon exposure to S-nZVI. For this, 
changes in rhodamine WT concentration and absorbance pattern 
were studied with UV/VIS spectrophotometry over several days.  

4) The fluorophores must be detectable and distinguishable with the 
OIP. In our fourth objective, we therefore examined the detectability 
of riboflavin and rhodamine WT by imaging fluorophore solutions of 
different concentrations and conducting time resolved imaging of the 
fluorescence of a riboflavin and rhodamine WT mixture exposed to S- 
nZVI containing sand. 

In earlier studies, the potential of direct-push based soil colour im-
aging was highlighted for detection of geochemical changes in the 
subsurface. One study, for example, has correlated organic carbon 
content with observed soil colour (Hausmann et al., 2017) and in 
another study, soil colour was interpreted to vary with changes in water 
saturation and redox-conditions (Reischer et al., 2020b). Hence, a fifth 
objective was to study the influence of S-nZVI concentrations in sand on 
the colour in visible images to test if visible imaging can be used as a 
complementary method for S-nZVI detection. Finally, the capabilities of 
the Dye-OIP for detection of S-nZVI in sediments were tested after 
injecting 20 g of the material in a 1 m3 sized tank with water saturated 
sand. 

3. Materials and methods 

Unless noted, all laboratory work was conducted in an anaerobic 
chamber (CoyLab) filled with ~98% nitrogen and ~ 2% hydrogen. 

3.1. Synthesis of S-nZVI and magnetite 

For experiments to study interaction between fluorophore and solids, 
we synthesized S-nZVI and magnetite. S-nZVI was synthesized via co- 
precipitation based on the recipe in Mangayayam et al. (2019b) with 
and without carboxymethyl cellulose (CMC) during the nZVI synthesis 
step to produce two different types of S-nZVI: unstabilised S-nZVI and 
presynthesis stabilized S-nZVI. Briefly, 35.8 mL of 0.5 M FeCl2 solution 
(FeCl2⋅4H2O; > 99% purity; Acros organics) was mixed with 14.3 mL 
deoxygenated deionized water (DO/DI-water; resistivity >18 MΩ cm; 
MilliQ) and 21.5 mL deoxygenated Ethanol (96%). For presynthesis 
stabilisation with CMC, the FeCl2 was replaced with FeSO4 (FeS-
O4⋅7H2O; ≥99%, Sigma Aldrich) and 0.107 g of CMC (MW 250.000, DS 
1.2, Sigma Aldrich) were added to the FeSO4 – Ethanol mixture to give 1 
g/L CMC. Afterwards 35.8 mL DO/DI-water with 2 g dissolved NaBH4 
(Sigma Aldrich, 99%) was titrated into the reaction vessels. After 15 
min, the synthesized nanoparticulate ZVI were magnetically separated 
from the supernatant and resuspended in 0.2 M acetate buffer (pH 5.6) 

UV-LED

CMOS
Camera

White Light
LED

Sapphire
Window

Fluorophore 
Injection port

EC-Dipole
Probe body

13 cm

Trunkline

Fig. 1. Sketch of the Dye-OIP design (based on McCall et al., 2018).  
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followed by the addition of 4.2 mL 1 M Na2S (Sigma Aldrich, 98%). The 
nanoparticulate ZVI reacted with Na2S for 3 h to produce S-nZVI in an 
agitated, crimp sealed bottle outside of the anaerobic chamber. The 
unstabilised S-nZVI was washed with DO/DI-water and resuspended in 
DO/DI-water to give 10 g/L S-nZVI. The presynthesis stabilized S-nZVI 
was dried and, when required for experiments, 5 mg were resuspended 
in 5 mL DO/DI-water. The suspension was then sonicated for 15 min. To 
produce also with CMC poststabilised S-nZVI for some experiments the 
unstabilised S-nZVI was exposed to a CMC solution. As the post-
stabilisation process varied between different experiments, the post-
stabilisation procedure is described in detail in the relevant sections 
(Table S1). 

For testing if other reduced soil constituents readily react with 
riboflavin, we synthesized nanoscale magnetite (Fe(II)Fe(III)2O4). The 
synthesis was based on a modified common recipe (Jayapaul et al., 
2011). First, 432.5 mg FeCl3⋅6H2O (Merck, ≥99%) and 222.4 mg FeS-
O4⋅7H2O were dissolved in 14.6 mL DO/DI-water. Afterwards, 5.4 mL 
ammonium solution (AppliChem, 25%,) was poured into the reaction 
vessel. The suspension was stirred for 10 min at 1200 rpm after which 
the magnetite was separated from the supernatant with a magnet, 
washed and resuspended in 10 mL DO/DI-water to give ~19 g/L 
magnetite. 

Characterization of the CMC-free unstabilised S-nZVI and magnetite 
with synchrotron X-ray diffraction and pair distribution function anal-
ysis showed that the atomic structures of the materials conform to those 
expected from the recipes, although the S-nZVI may contain a very small 
amount of green rust (Details given in SI, text S1). 

3.2. Interaction of fluorophores with S-nZVI and magnetite 

Initial experiments to study the interaction of fluorophores with 
unstabilized S-nZVI, poststabilised S-nZVI and magnetite were con-
ducted using UV/VIS spectrophotometry. A cuvette-holder, connected 
to the UV/VIS spectrophotometer (OceanOptics STS-UV Miniature 
Spectrometer) and to the light source (Avantes AVALight-DH-S-Bal), 
was placed on top of a magnetic stirrer. To record changes in the 
absorbance spectra during reaction, the spectrometer recorded a spec-
trum every 5 s over the wavelength range from 180 to 670 nm. First, 
DO/DI-water was transferred to a plastic macro UV cuvette, which was 
continuously stirred, and then a volume of 0.035 mL unstabilized S-nZVI 
or 0.020 mL magnetite suspension was added to give final concentra-
tions of 0.1 g/L. The S-nZVI and magnetite suspensions were sonicated 
for 15 min prior to addition. Afterwards 2.54 mL riboflavin solution (52 
mg/L; Sigma Aldrich, ≥ 98%) were added. For the experiments with 
poststabilised S-nZVI a 0.7 mL deoxygenated CMC solution (5 g/L; MW 
250.000, DS 1.2, Sigma Aldrich) was added before transferring the 
solids. 

To determine if rhodamine WT can be used as an inert fluorophore, 
we studied its interaction with S-nZVI. In these experiments, vials were 
first added DO/DI-water or a mixture of DO/DI-water and deoxygenated 
CMC solution. 0.05 mL of deoxygenated rhodamine WT stock solution 
(2500 mg/L; 25% fluorophore; Sensient) was then added and a volume 
of S-nZVI suspension was transferred to give final concentrations of 1 g/ 
L S-nZVI and 5 mg/L rhodamine WT. S-nZVI was used either unstabi-
lized or was postsynthesis stabilized with 1 g/L CMC, which was added 
to the vials. The S-nZVI stock solution was sonicated for 15 min prior use 
and control vials were prepared without S-nZVI. After preparation, the 
vials were wrapped in aluminium foil to avoid photolytic decomposition 
and then shaken at 190 rpm. After various time intervals, a 1.2 mL 
sample was extracted from the vials for determination of absorbance. 
The sample was centrifuged to separate solid and solution and 0.9 mL 
supernatant were transferred into a plastic micro UV-cuvette. The 
absorbance spectrum was measured to quantify changes to the fluo-
rophore’s absorption profile. 

3.3. Detectability of S-nZVI and fluorophores with the OIP-unit 

To assess the detectability of riboflavin and rhodamine WT with the 
OIP, experiments were conducted with water saturated sand. Solutions 
with different fluorophore concentrations were prepared under aerobic 
conditions and 1.4 mL of the fluorophore mixtures was filled into quartz 
cuvettes. Afterwards the cuvettes were filled completely with fine sand 
(Dansand A/S; d50 = 0.194 mm) and sealed with a lid. This sand is very 
similar to that used in related studies (Reischer et al., 2020a). 

Because S-nZVI is black, it might tint sediments sufficiently for 
detection with the OIP’s visible imaging. To better understand the 
sensitivity of the OIP, we imaged samples having sand of different grain 
size and with variable S-nZVI concentration using visible light. To pre-
pare the samples, a stock solution of unstabilised S-nZVI was diluted 
with DO/DI-water to obtain suspensions with S-nZVI concentrations 
from 0.25 to 2.5 g/L. The suspensions were then transferred to 4 mL 
plastic cuvettes and sands with different size (Dansand A/S; d50 = 0.586 
mm, 0.194 mm and 0.121 mm; Fig. S5) were added to the suspensions. 
The cuvettes were then shaken and left to settle for 12 h. Finally, they 
were closed with a lid and sealed with paraffin wax to minimize S-nZVI 
oxidation during measurement outside the anaerobic chamber. 

For OIP measurement, the cuvette was put in a black cuvette holder 
with a single opening held in direct contact with the sapphire window of 
the OIP to exclude ambient light (Fig. S6). For samples with S-nZVI, 3 or 
4 sections of the cuvettes were measured. Images were obtained using 
visible light source (S-nZVI containing sand) and UV-light source 
(samples with rhodamine WT and riboflavin). The performance of the 
probe was regularly checked by measuring reference materials with 
known fluorescence (diesel fuel, creosote, motor oil), a non-fluorescent 
black reference and a colour card (optical target). After use, the quartz 
cuvettes were rinsed with chlorine, isopropyl alcohol and trice with 
deionized water for reuse. 

Finally, we studied the real time evolution of fluorescence in a mixed 
fluorophore solution with riboflavin and rhodamine WT in contact with 
S-nZVI containing sand. In these experiments, we injected small volumes 
of fluorophore solution into a cuvette filled with water, sand and S-nZVI. 
The evolution was then recorded with the OIP. In preparation, a cuvette 
was first filled with a S-nZVI suspension (final concentration: 1 g/L). The 
S-nZVI stock solutions were sonicated for 15 min prior to use. We used 
three different types of S-nZVI: unstabilized, prestabilized and post-
stabilized S-nZVI. To form postsynthesis stabilized S-nZVI a CMC solu-
tion was added to the unstabilized S-nZVI in the cuvette and the mix was 
shaken for 1 h (final CMC concentration was 5 g/L). The cuvette was 
then filled entirely with a fine sand (d50 = 0.194 mm) and sealed with 
parafilm and paraffin wax to minimize oxidation after transfer from the 
anaerobic chamber. For the measurement, the cuvette was put on the 
sapphire window, the exterior sides were covered with a black glove and 
wrapped in aluminium foil to exclude ambient light, and the entire setup 
was fixed on the sapphire window with tape (Fig. S6). 100 to 140 μL of 
fluorophore solution was then injected in the cuvette with a syringe. The 
fluorophore solution contained 100 mg/L riboflavin and 10 mg/L of 
rhodamine WT, which had been buffered at pH 7.4 with 0.1 M Hepes to 
have optimal quantum yield for riboflavin. For the post-synthesis CMC 
stabilized S-nZVI, the injected fluorophore solution contained the same 
CMC concentration as the injected slurry to study the influence of a 
lower viscosity on mixing. Images were recorded approximately every 2 
s to determine the evolution of the fluorescence and assess riboflavin 
reduction rate by S-nZVI containing sand. 

3.4. Testing of the dye-OIP during tank experiment 

To test the Dye-OIP prototype in controlled conditions resembling 
those in the field, we conducted imaging of sand after injection of S-nZVI 
in a tank. Detailed descriptions of the experiment and the results are 
given in Reischer et al. (2020a). Briefly, 40 L of postsynthesis CMC 
stabilized S-nZVI suspension (0.5 g/L S-nZVI, 5 g/L CMC) was injected in 
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a ~ 1 m3 sized container filled with fine sand (d50 = 0.179 mm). The 
injection was conducted using a centrally placed well made of high 
density polyethylene with 50 mm outer diameter and 10 cm vertical 
screen length (slot width: 0.3 mm). The fine sand was separated from the 
well screen by a gravel pack with grains sizes from 0.4 to 0.8 mm. The 
results from the tank experiment indicated the presence of a mobile and 
a retained S-nZVI fraction. The mobile fraction was transported radially 
from the well to distances >20 cm, whereas the retained fraction was 
deposited mainly in the fine sand just adjacent to the gravel pack. After 
the S-nZVI injection, we conducted five logs with the Dye-OIP at various 
positions. The Dye-OIP was manually and slowly advanced into the sand 
with the sapphire window oriented towards the injection well. During 
probe penetration, a fluorophore solution containing 50 mg/L ribo-
flavin, 5 mg/L rhodamine WT, and 0.05 M Hepes (pH adjusted at 7.4 
using NaOH) was injected via the injection port at a rate between 0.5 
and 1 mL/min using a peristaltic pump (Ismatech – IPC). Images were 
recorded automatically, and additional still images were taken 
manually. 

3.5. Image processing 

For assessment of fluorescence and sediment colour, the 8bit jpg 
images captured with the OIP were processed as described in Reischer 
et al. (2020b). Each image was mean filtered (pixel radius of 2) to 
remove noise. Then, the size of the image was cropped to a smaller re-
gion of interest (ROI) to exclude artefacts such as the shadow from the 
sapphire window at the edges of the image. To reduce the amount of 
data and ease data comparison, the individual images were averaged (i. 
e., afterwards each pixel of the image had the same value). After this step 
the primary colours where extracted using red (R), green (G) and blue 
(B) of the RGB colour scheme and hue (H), saturation (S) and value (V) 
of the HSV colour scheme. Following the 8bit logic of the raw image, 
each primary colour could have a value between 0 and 255. 

4. Results and discussion 

Determination of the distribution of injected material in the sub-
surface is complicated. To examine the performance of the Dye-OIP 
direct push probe for detection of S-nZVI, we have conducted a range 
of experiments at variable scale and complexity. 

4.1. Spectral evolution of riboflavin and rhodamine WT upon interaction 
with S-nZVI and magnetite 

Optimally, a reactive fluorophore should react fast and specifically 
with S-nZVI. Hence, we investigated the reduction rates of riboflavin by 
S-nZVI to determine if we can expect the reaction to be so fast that 
changes in fluoresence can be observed during penetration of the probe. 
To gauge if riboflavin is readily reduced by naturally occurring minerals, 
experiments were also performed with magnetite. 

Fig. 2 shows the absorption spectra recorded for riboflavin after 
different reaction times with poststabilized S-nZVI and magnetite. The 
spectrum recorded immediately after addition of the riboflavin solution 
to the S-nZVI suspension (time = 0 s) is characterized by peaks at 
wavelengths of 267, 375 and 445 nm and a nearly constant absorbance 
of ~0.35 between 525 and 670 nm (Fig. 2a). This spectrum is consistent 
with that expected for neutral, oxidized riboflavin (Bae and Lee, 2014; 
Drössler et al., 2002). With time, the peak intensity at 375 and 445 nm 
decreased, an additional peak appeared at 297 nm, and the initial peak 
at 267 nm shifted to shorter wavelengths. These changes agree with 
those published for complete reduction of the riboflavin (Bae and Lee, 
2014; Ghisla et al., 1974). Simultaneous with changes in the absorption 
spectra, the yellow colouring of the liquid disappeared. Similar results 
were obtained in experiments with unstabilised S-nZVI (data not 
shown). When riboflavin was exposed to magnetite, peak positions were 
identical to those expected for neutral, oxidized riboflavin and no 
changes in the absorbance spectra were observed over 5 min (Fig. 2b). 
Thus, we conclude that S-nZVI is capable of rapid reduction of ribo-
flavin, whereas magnetite is not. The lack of riboflavin reduction by 
magnetite suggests that riboflavin does not react quickly with natural 
Fe2+-bearing oxides of the soil, but more studies would be needed to 
confirm this. 

To quantify the reduction rates of the riboflavin upon exposure to S- 
nZVI, the intensity of the peak at 445 nm was plotted as a function of 
time (Fig. 3). A pseudo first order reaction was fitted to this data trend to 
derive the rate constant (kobs-abs): 

At = A0exp(− kobs− abst) +Y (2) 

Here, At represents the absorbance at time t; A0, the initial absor-
bance; t, time and Y, the absorbance of reduced riboflavin at 445 nm. A0, 
Y and kobs-abs were adjusted to minimize the mean square error (MSE). 
Under the tested conditions, the reduction of riboflavin by S-nZVI is fast, 
complete within 200 s and follows a pseudo first order reaction quite 
well. The presence of CMC has no significant influence on the reduction 
kinetics, i.e., the derived rate constants are similar (Table 1). These 
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results suggest that riboflavin most likely can be used as a fluorescent 
turn off probe with the Dye-OIP. 

Contrary to the observations for riboflavin, the relative intensities of 
peaks for rhodamine WT did not change significantly after exposure to S- 
nZVI (example spectra shown for experiment with poststabilised S-nZVI 
Fig. 4a). This suggests that rhodamine WT in solution has remained 
intact (i.e., unreduced). Clearly, the absolute intensities of the peaks 
decrease with time, indicating that the fluorophore concentration 

decreases, possibly because of uptake by the S-nZVI or its corrosion 
products. Fig. 4b shows the decrease in absorbance at a wavelength of 
558 nm as a function of time when rhodamine WT was exposed to 
unstabilised and poststabilised S-nZVI. The decrease in signal was much 
slower than for riboflavin when 5 g/L CMC was added for postsynthesis 
stabilisation, perhaps because CMC competes with sorption sites on the 
surface of S-nZVI or corrosion products or because CMC influences 
corrosion rates. Thus, the results indicate that the fluorescence from 
rhodamine WT would only decrease marginally between injection and 
imaging with the OIP if CMC is present. In conclusion, the substance 
could function as an indicator for successful injection and fluorophore 
detection. 

4.2. Detectability of the fluorophores with the OIP 

To assess the detectability of rhodamine WT and riboflavin in sedi-
ment with the Dye-OIP, we recorded fluorescence images of the fluo-
rophores in fine sand at various concentrations with the OIP. In the 
images, riboflavin very clearly emits green light, with a hue of ~70 at 

Fig. 3. Measured absorbance at 445 nm in suspensions of (a) riboflavin and unstabilized S-nZVI and (b) riboflavin, and post-stabilized S-nZVI after subtraction of the 
background absorbance from S-nZVI. 

Table 1 
Rate constants and MSE derived by fitting a pseudo first order model to the 
change in absorbance at 445 nm.  

Experiment unstabilised S-nZVI post-stabilized S-nZVI 

kobs-abs (s− 1) MSE (a.u.) kobs-abs (s− 1) MSE (a.u.) 

1 2.8*10− 2 4.3*10− 5 2.4*10− 2 1.3*10− 5 

2 2.9*10− 2 7.3*10− 5 2.7*10− 2 1.0*10− 5 

3 – – 2.1*10− 2 1.1*10− 5  
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concentrations between 20 and 60 mg/L (Fig. 5a). The brightness of the 
colour increases markedly at a concentration of ~20 mg/L and reaches 
maximum values of ~100 at 40 mg/L (Fig. 5b). For rhodamine WT, 
images are clearly orange at higher concentration. The average hue of 
the fluorescence is ~21 at concentrations from 2.5 to 60 mg/L similar to 
that reported in Reischer et al. (2020b). Brightness increases markedly 
with concentration, reaching a maximum value of ~200 at 40 mg/L. The 
results show that rhodamine WT and riboflavin can be clearly detected 
with the OIP in fine sand when excited with UV-light, but with variable 
detection limit. The OIP is more sensitive to the presence of rhodamine 
WT with a detection limit of ~2.5 mg/L based on brightness, whereas 
riboflavin features a detection limit of ~20 mg/L. 

4.3. Real-time detection of the riboflavin reduction with the OIP 

To test how the fluorescence from a combination of rhodamine WT 
and riboflavin in sand is influenced by S-nZVI, we injected small vol-
umes of a fluorophore mixture into cuvettes filled with water saturated 
sand. Some of the cuvettes contained S-nZVI at fixed concentrations, 
whereas others were S-nZVI free. We then imaged the fluorescence as a 
function of time with the OIP (example images in Fig. 6). From the 
images, movies were compiled to illustrate the results (examples: sup-
plementary video 1 to 16). In the absence of S-nZVI, the derived hue was 
nearly constant, meaning that fluorescence did not change significantly 
with time, (Fig. 6a; supplementary video 1-4). In the presence of S-nZVI, 
hue decreased substantially with time, approaching that of rhodamine 
WT, and the colour of the images became reddish (Fig. 6b-d; supple-
mentary video 5-16). 

To quantify colour change as a function of time, kobs-hue was derived 
by fitting the data using Eq. (2), with A0 representing the initial hue; At, 
the hue at a certain time; t, time and Y, the average hue of rhodamine 
WT (21 between 5 and 60 mg/L; Fig. 5a). The fastest rate was observed 
for the prestabilized S-nZVI, followed by unstabilised S-nZVI and post-
stabilized S-nZVI. The slowest rate was observed for the S-nZVI free 
control. One reason for the different results might be that the rate of hue 
change depends on S-nZVI type. For example, it has been reported that 
presynthesis stabilisation of nanoparticulate ZVI produces smaller par-
ticles that are more reactive in redox reaction (He et al., 2007; Eljamal 
et al., 2020), which might explain why the fastest rate was observed for 
the presynthesis CMC stabilized S-nZVI. For the test with postsynthesis 
stabilized S-nZVI, the CMC added to the fluorophore solution would 
have increased solution viscosity which might have decreased the de-
gree of mixing with the S-nZVI suspension. If so, reactions would have 

been slower compared to the tests with unstabilized S-nZVI. 
Compared to the kobs-abs derived from the UV/VIS-study for unsta-

bilised S-nZVI and poststabilized S-nZVI (no added sand, Table 1), the 
kobs-hue derived from these injection experiments (with sand, Fig. 6) are 
smaller, meaning that the reaction is slower in the sediment matrix than 
in the constantly stirred suspension. This is not surprising given that 
diffusion would be expected to play a larger role in static, non-stirred 
systems. Regardless of the cause, the slower change in fluorescence in 
sediments needs to be considered when selecting the rates of probe 
advancement into the subsurface so that sufficient time exists for 
reduction of the fluorophore between injection and imaging. The half- 
life calculated for the reduction of riboflavin by various S-nZVI types 
using Eq. (2) were between 59 and 200 s. Based on this half-life and the 
13 cm distance between injection port and sapphire window, penetra-
tion rates from 0.04 to 0.13 m/min should assure that detectable hue 
changes have occurred when the OIP-unit passes (a decrease in the value 
for hue of ~15). The reduction rate of redox indicators are expected to 
increases with ZVI mass (Tratnyek et al., 2001). Thus, a higher pene-
tration rate might allow detection of S-nZVI if it is more abundant than 
the 1 g/L as used here. In summary, our results show that riboflavin 
reduction by S-nZVI in a sand led to a detectable colour change from 
green to red in images, when a riboflavin/rhodamine WT mixture was 
injected. This indicates that the Dye-OIP system will allow detection of 
S-nZVI in sediments. 

4.4. Laboratory tests of S-nZVI detection in sediments by imaging colour 

To investigate if changes in sediment colour from addition of black S- 
nZVI can be detected, mixtures of sand and S-nZVI were imaged in cu-
vettes using the OIP and illumination with visible light. Fig. 7 shows the 
results for S-nZVI concentrations ranging from 0.25–2.5 g/L (corre-
sponding to 0 to 0.6 mg/g sand), which encompass the concentrations 
used in injected slurries (e.g., Kocur et al., 2014) and those that are likely 
to occur in the sediment upon retention of particles. Regular photo-
graphs show that samples with S-nZVI were greyish to black, clearly 
different in colour from the light brown sand (Fig. 7c). The raw images 
captured with the OIP for samples with S-nZVI are also greyish, 
consistent with colouring of the sediment (Fig. 7b). In images of the 
coarsest sand, aggregates of black particles can be recognized. Fig. 7c 
shows the average hue and saturation in the images. The pure sands 
have values ~45 for hue and 94–138 for saturation (Fig. 7a). In the 
presence of S-nZVI, the values for saturation decrease with a concomi-
tant increase in hue. These results indicate that imaging of colour might 
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also allow delineation of the emplacement of black particles after in-
jection, provided sediments have light colour. 

4.5. Dye-OIP testing after S-nZVI injection in 1 m3 tank 

Our small-scale laboratory experiments substantiate that S-nZVI can 
be detected in the subsurface through imaging of fluorescence from an 
injected riboflavin/rhodamine WT mixture and through imaging of soil 
colour if sediments are lightly coloured. However, the experiments 
mainly test the performance of the Dye-OIP detection system, and they 
do not take into account complications that could arise during realistic 
probe use, such as those caused by probe penetration. To determine if 
the Dye-OIP is capable of detecting S-nZVI in sediments when used in a 
regular fashion, several logs were obtained in sand after an injection 
experiment (results reported in Reischer et al. 2020a). In the experi-
ment, 40 L of 0.5 g/L S-nZVI slurry (postsynthesis stabilized with 5 g/L 
CMC) had been injected from a central well into a ~ 1 m3 sized tank 

filled with fine grained sand (d50 = 0.179 mm). The injected S-nZVI was 
dispersed in a spherical manner around the screen, meaning that S-nZVI 
was also found at shallower and deeper depth than that of the screen 
(Fig. 8). Consistent with this, EC of logs increases at a depth of 20 to 30 
cm and remain elevated to a depth of 80 to 90 cm (Fig. S7). Approxi-
mately 70% of the S-nZVI was retained within a radius of 10 cm and 
most of it in the fine sand adjacent to the gravel pack surrounding the 
well screen. Here, Fe concentrations reached 1 mg/g dry sediment. With 
increasing radial distance, the Fe concentration decreased steeply so 
that samples 2 cm from the gravel pack had concentrations of 0.2 mg/g. 
Thus, high concentrations of S-nZVI occurred only in a very narrow 
region of sand 5.5–8 cm from the well centre. 

Five Dye-OIP logs were recorded within 20 cm of the well. The po-
sition of the entry points at the surface is given in Fig. S7 and Fig. 8 
indicates the penetration paths of the logs when projected radially. 
These paths were identified based on the location for marks from the 
probe recorded during excavation. The penetration path for Log 1 is 
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Fig. 8. a) Cross section of the tank showing the iron distribution and log penetration paths around the injection well after S-nZVI injection. In the rendering, 
concentrations and paths were radially projected onto a single profile. The Fe concentrations are based on those reported in Reischer et al. (2020a) after subtraction 
of background. The paths of the OIP (dashed lines) were reconstructed based on the observations during the excavation of the sand. b) Image obtained during 
excavation at ~ 40 cm below top of the tank. The blackness indicates presence of S-nZVI. c) Position of the logs in a depth of 57 cm. Holes from the probe penetration 
can be recognized for logs 1 and 3–5. The expected position of log 2 is shown with a dashed circle. The holes stemming from Log 3 and 5 are filled with coarse 
material from the gravel pack (enlarged image in Fig. S10). 
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inclined so that distance from the well increases with depth. 
Fig. 9 shows the fluorescence recorded in the images as a function of 

depth as well as the average hue and the red/green ratio derived from 
image processing. In addition, the average soil colour and hue derived 
from the visible images are shown. The images of fluorescence and the 
obtained hue can be categorised in three overall types: 

• Type A with green images and hue values similar to the ~53 deter-
mined for the unreacted fluorophore mixture in the laboratory ex-
periments (Fig. 6; e.g., Log 1 and Log 2 in Fig. 9).  

• Type B with black images and a hue that is higher than expected for 
the fluorophore solution (e.g., Log 4 at a depth of 10 cm and Log 5 at 
a depth of 45 cm).  

• Type C with images that are brownish or reddish and with values for 
hue lower than the unreacted mixture (~53) and closer to that ex-
pected for rhodamine WT (~21). As examples, such images occur in 
Log 3 at 56 cm depth and in Log 4 at depths of 35–60 cm. 
Concomitant with decrease in hue, the red/green ratio increases. 

When illumination occurred with visible light, grey images in gen-
eral correspond in depth to fluorescence images of Type B and Type C. 
Type C images, for example, are either brownish with hue of 25–50 or 
grey with a hue of up to ~145. 

In the bench-top laboratory experiments, the hue of the fluorophore 
mixture changed towards that of rhodamine WT as riboflavin was 
reduced by S-nZVI. This pattern corresponds to the observation in Type 
C images with a hue between 52 and 21. The experiments also showed 
that hue in visible images increase when S-nZVI is present, with hue 

values >50 being indicative of the presence of S-nZVI. Based on these 
two criteria, we detected S-nZVI in Logs 3, 4 and 5 below a depth of 
approximately 30–40 cm. These are the logs closest to the well at the 
level of the screen. With a few exceptions, this corresponds to detection 
of S-nZVI in regions where soil sampling indicates that Fe concentration 
exceed 0.2 mg/g. 

Clearly, these results are very promising. However, variations occur 
in the detection that require detailed scrutiny. Visible images from Log 3 
to 5 indicate the presence of S-nZVI from a depth of ~30 to ~45 cm but 
do not provide information about S-nZVI located deeper. Most likely, 
this discrepancy was caused by the penetration into the gravel pack 
which contained <100 μg/g Fe (Fig. 8c). Interestingly, images recorded 
with UV-light below 45 cm indicate the presence of S-nZVI for Logs 3–5, 
suggesting that fluorescent imaging is sensitive to lower S-nZVI con-
centration than visible imaging. 

Conversely, fluorescence was not detected when penetrating regions 
where visible images were clearly grey and where sampling indicated 
high Fe concentration (Type B images). Several aspects of the logging 
could explain this lack of fluorescence. Firstly, S-nZVI could have 
become smeared on the sapphire window. However, it is unlikely that 
such smearing would have effectively blocked the entire window and 
the visible images reveal greyness, not the complete blackness expected 
for S-nZVI. 

Secondly, the fluorophore injection port could have been blocked by 
particles originating from the sand or by the S-nZVI itself. If S-nZVI was 
particularly prone to cause blocking, this could explain a lack of 
detectable fluorescence at the levels with high S-nZVI concentration. If 
this was the case, it could probably be remediated by using a pump 
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Fig. 9. a) Hue and red/green ratio from fluorescent and visible images recorded during Dye-OIP logging in the tank. The coloured columns indicate the average 
colour of the images, determined from those automatically and manually recorded. Based on results from the laboratory experiments, the green line indicate the hue 
of the unreacted riboflavin /rhodamine WT mixture (average hue of 53 at time = 0 s from all experiments), the red line, the average hue of rhodamine WT (21) and 
the dashed line, the hue at which S-NZVI can be detected (50). The position of the screen is indicated with a box. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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capable of producing higher pressure. 
Thirdly, our earlier study showed that the detected fluorescence for a 

given fluorophore concentration depended on the pore size of the 
sediment, with decreasing detection at smaller pore size (Reischer et al., 
2020b). This behaviour was attributed to less fluorophore molecules 
being present between sapphire window and pore wall. A similar 
argument might be put forward for turbid solutions, where particles or 
aggregates would also limit the penetration length of light. Such turbid 
solution might be caused by the hammering of the Dye-OIP, which could 
have suspended S-nZVI particles. Thus, if the S-nZVI injection signifi-
cantly lowered pore size or the probe penetration led to highly turbid 
pore fluids, detected fluorescence would decrease. Such effect would 
presumably be most pronounced where the S-nZVI concentration were 
highest. We note that the dark rims, occurring as relicts of the logging 
(Fig. S9), suggests that the penetration itself leads to higher S-nZVI 
concentration just next to the probe. This would be comparable with the 
known contaminant accumulation at the probe surface during penetra-
tion, which results in overestimation of concentrations (Interstate 
Technology and Regulatory Council, 2019). Thus, we find it plausible 
that high S-nZVI concentration could have decreased the detectability of 
the fluorescence. Given that the lack of detection in this case reflect that 
the number of fluorescent molecules were too few in the imaged volume, 
it is likely that a higher fluorophore concentration in the injected solu-
tion could remedy the complication. However, this comes at a cost; if 
riboflavin reduction rates are limited by the S-nZVI concentration, 
increased fluorophore concentration would require higher S-nZVI 
abundance for an equivalent relative decrease in the fluorescence of 
riboflavin within the same time span. Thus, sensitivity might be lost. 
Alternatively, the light intensity for inducing fluorescence could be 
increased, the exposure time to the camera sensor extended, or another 
fluorophore could be used with a higher fluorescence quantum yield. It 
would also be preferable to advance the probe statically instead of 
hammering to avoid turbidity. 

The degree of riboflavin reduction depends partly on the time 
available for reaction. Thus, variation in penetration rates could also 
have influenced the results. For the intervals where S-nZVI was detected 
via changes in fluorescence images, the penetration rates were similar to 
or lower than the ones indicated to be operational by the laboratory 
experiments (Fig. S7). Thus, this might set an upper limit on how quick 
penetration can occur for our probe, which features 13 cm distance 
between injection port and OIP. For a next generation probe, a larger 
distance would most likely be beneficial. 

In conclusion, our results demonstrate that visual and fluorescence 
imaging can be used to detect injected S-nZVI, but that the Dye-OIP can 
be developed further. In nature, soil colour varies which might 
complicate the detection of S-nZVI by colour alone. Hence, the combi-
nation of visible and fluorescence images with a reactive dye would 
probably be required for identification of S-nZVI in the subsurface. 
Interestingly, the differences in sensitivity of fluorescent and visible 
imaging towards S-nZVI detection might allow a semi quantitative 
assessment of the reactant concentration. Generally, more studies are 
needed to investigate Dye-OIP detection of nZVI and the other types of S- 
nZVI that exists (Garcia et al., 2021). Fresh nZVI might also be detected, 
because it is also black (Johnson et al., 2013) and reduces riboflavin 
rapidly, though reaction rates can be affected by presence of contami-
nants (Bae and Lee, 2014). nZVI oxidiation is accompanied by colour 
change (Johnson et al., 2013) and it loses its reactivity rapidly (Man-
gayayam et al., 2019a). As a consequence, nZVI might only be detectable 
by the Dye-OIP immediately after injection when the injected particles 
are fresh. Other reactants such as permanganate could potentially be 
detected simply by visible imaging because of its intensive colour. A 
fluorescent “turn on” indicator has recently be developed for perman-
ganate detection, which potentially could be used with the Dye-OIP (Shi 
et al., 2019). Finally, the remediation agent could be labelled with a 
fluorophore to enable detection. This has been demonstrated earlier 
with layer double hydroxides and the OIP and so complications arising 

from the fluorophore injection could be avoided in this case (Dietmann 
et al., 2020). The possibility for detection of contaminants via reactive 
fluorophores has already been demonstrated using a similar direct-push 
probe (Dye-LIF; Einarson et al., 2018; Horst et al., 2018). 

5. Conclusion and outlook 

Our laboratory experiments show that that riboflavin rapidly lost its 
fluorescence as it became reduced by S-nZVI, whereas rhodamine WT 
retained much of its fluorescence when CMC was present. In addition, 
tests of visible imaging of sand with S-nZVI shows that this lightly col-
oured sediment becomes detectably tinted at S-nZVI concentration 
above 0.25 g/L. 

We have combined these two methods for S-nZVI detection via 
fluorescence and visible imaging in a new novel direct-push technique 
(Dye-OIP). During the penetration of the tool, a mixture of riboflavin 
and rhodamine WT is injected near the tip of the tool and visible and 
fluorescence images are captured further up the tool after the fluo-
rophores have had time to interact with the sediment. Logging with the 
Dye-OIP after an injection experiment in a ~ 1 m3 tank indicates that the 
probe detected S-nZVI when concentrations exceeded 0.2 mg/g dry 
sediment. It is likely that improvements of the methods, the probe, and 
the acquisition software can improve detection limit. Compared to other 
methods for determining S-nZVI distribution, the Dye-OIP does not 
require the installation of a well or core extraction and can be flexibly 
and dynamically placed as results are obtained. These features could 
make the Dye-OIP an important advancement for in-situ treatment, 
where delineation of the treated volume is notoriously complicated to 
assess. 

Rhodamine WT is toxic to freshwater life at elevated concentrations. 
However, a recent study indicates that the compound should not pose a 
risk at concentrations of below 0.9 mg/L (Skjolding et al., 2021). The 
Dye-OIP method is based on injections of very small volumes (~8 mL per 
meter of log at typical penetration rates) at concentrations of about 5 
mg/L. Thus, lowering of the Rhodamine WT to concentrations so low 
that no risk is expected requires mixing of the injected solution with a 
trivial 35 mL of groundwater. Hence it is highly unlikely that the 
Rhodamine WT injection have adverse effects on the biosphere. Should 
rhodamine WT never the less be considered problematic, amidorhod-
amine G might be used instead. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconhyd.2021.103896. 
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Andrýsková, P., Zbořil, R., 2020. Core–SHELL Fe/FeS nanoparticles with controlled 

M. Reischer et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jconhyd.2021.103896
https://doi.org/10.1016/j.jconhyd.2021.103896
https://doi.org/10.1021/es4056565


Journal of Contaminant Hydrology 243 (2021) 103896

12

shell thickness for enhanced trichloroethylene removal. ACS Appl. Mater. Interfaces 
12, 35424–35434. https://doi.org/10.1021/acsami.0c08626. 
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