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Abstract Zero-valent iron nanoparticles are used for the

degradation of organic compounds and the immobilization

of metals and metalloids. The lack of information on the

effect of nZVI in freshwater system necessitated the risk

assessment of zero-valent iron nanoparticles in lake water

environment. The present study deals with the stability and

fate of synthesized zero-valent iron nanoparticles in the

upper and lower layers of freshwater microcosm system at

a concentration of 1000 mg L-1. The study was divided

into two different exposure periods: short-term exposure,

up to 24 h after the introduction of nanoparticles, and long-

term exposure period up to 180 days (4416 h). Aggregation

kinetics of nZVI in freshwater microcosm was studied by

measuring the mean hydrodynamic size of the nanoparti-

cles with respect to time. A gradual increase in the particle

size with time was observed up to 14 h. The algal popu-

lation and total chlorophyll content declined for the short

exposure period, i.e., 2–24 h, while in the case of longer

exposure period, i.e., 24 h to 180 days (4416 h), a gradual

increase of both the algal population and total chlorophyll

was noted. Five different physico-chemical parameters

such as pH, temperature, conductivity, salinity, and total

dissolved solids were recorded for 180 days (6 calendar

months). The study suggested that the nanoscale zero-va-

lent iron did not exhibit significant toxicity at an exposure

concentration of 1000 mg L-1 on the resident algal

population in the microcosm system over the longer

exposure period tested.
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Zero-valent iron nanoparticles

Introduction

Nanoscale zero-valent iron (nZVI) has been used increas-

ingly over the last decade to clean polluted water, soil, and

sediments (Li et al. 2006; Stefaniuk et al. 2016). nZVI

particles offer several advantages for in situ applications

because of their large specific surface area, which results in

high reaction rates (Xiu et al. 2010). The toxic chemicals

can be treated by nZVI particles through adsorption,

reduction or a combination of both the processes (Grieger

et al. 2010). Organic and inorganic contaminants such as

perchlorate, nitrate, polychlorinated hydrocarbons, chro-

mate, chloride, and organic dyes can be easily reduced by

nZVI to less harmful compounds (Lacinova et al. 2012; Li

et al. 2006).

The distinct catalytic properties of nZVI can have a

potentially harmful impact on indigenous organisms when

released into the environment (Dinesh et al. 2012; Patil

et al. 2016). The recent studies on nZVI illustrated that

nZVI was toxic to microorganisms at concentrations as low

as few mg L-1 in pure cultures (Barnes et al. 2010). The

interaction of the particles with biointerfaces may decrease

both cell mobility and nutrient flow between the cell’s

exterior and interior compartments (Zanaroli et al. 2012).

Additionally, the possible adsorption of nZVI onto the

outer cell membranes may lead to increased membrane

permeability or even cause disruption of the membrane

lipid bilayer (Lee et al. 2008). The major part of the
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manufactured nZVI enters the environment through their

direct injection into the polluted aquifer and soil

(Kirschling et al. 2010). It was noted in previous reports

that under rare circumstances when the bioavailability of

iron was in surplus, oxidative stress can be stimulated,

which could influence the algal growth (Jaramillo et al.

2015; Ševců et al. 2011). Earlier studies report on the effect

of surplus redox-active iron on the oxidative stress in

Chlorella vulgaris (Estevez et al. 2001).

Algae represent the first level of the trophic food chain

in the aquatic ecological system, and it is one of the most

delicate organisms to interact with pollutants. Thus, any

harmful effect to this organism may disturb the whole food

chain of the ecosystem. Hence, the present study focused

on evaluating the aggregation behavior of nZVI in two

compartments (upper layer, i.e., 10–15 L and bottom layer,

i.e., 0–5 L) in a microcosm system, and its toxic effect

towards the resident algal community. The five different

physico-chemical parameters (pH, temperature, total dis-

solved solid, conductivity, and salinity) were analyzed over

24 h (short term, 1 day) followed by 4416-h (long term,

180 days) exposure period to investigate their influence on

the behavior and fate of nZVI in natural freshwater. Pre-

vious studies on the nano-remediation of Cr(VI) by nZVI

employed 1000 mg L-1 concentration for its efficient

functioning (Ravikumar et al. 2016a; Li et al. 2016; Liu

et al. 2010, 2012; Shi et al. 2011; Xiu et al. 2010). Hence,

the working concentration of synthesized nZVI for the

initial exposure was selected as 1000 mg L-1.

Materials and methods

Materials

Sodium borohydride (NaBH4), ferrous sulfate (FeSO4-

7H2O), and EDTA (C10H14N2Na2O8�2H2O) were obtained

from Sisco Research Laboratories Pvt. Ltd., India, and the

solutions were prepared with deionized water.

Synthesis of nZVI particles

The nZVI particles were synthesized from FeSO4 as a

starting material. The starting material, Fe2SO4 (150 mL,

0.1 M), and the stabilizing agent, 0.1 M EDTA (100 mL),

were prepared and mixed together at a constant temperature

of 55 ± 3 �C. Then, the solution was allowed to attain a

constant temperature, 50 �C, which has been followed

throughout the process. Further, 100 mL of 0.75 M NaBH4

was added to the reaction mixture. A constant stirring speed

of 500 rpm was maintained throughout the reaction. Grad-

ually, the solution turned to light black color by the precip-

itation of zero-valent iron (Allabaksh et al. 2010). After the

precipitation of ZVI, the solution was allowed to settle down

at the room temperature, 26 �C. Further, the supernatant was

removed after the centrifugation at 1000 rpm for about

30 min. The solids, which were settled, were washed with

absolute ethanol and dried at 100 �C (Ravikumar et al.

2016b).

Site details

Microcosm study was carried out using the freshwater col-

lected from VIT Lake, Vellore, India. Vellore is located

between 12�–15� and 13�–15� northern latitude and between

78�–20� and 79�–50� eastern longitude. It has an average

elevation of 216 m. The area has a typical mediterranean

climate with mild winter and dry summer. The temperature

ranges from as low as 15 �C in the winter months of

December–February up to even 43 �C in the summer months

of June–November. It has a rainy weather mostly and is humid

during the two monsoons: June–August and October–De-

cember. The average annual rainfall is around 442 mm.

Establishment of microcosm

Microcosm experiment was carried out for six calendar

months (180 days) from the period of June 2015 to

November 2015. In the present study, glass tanks with 15-L

capacity were used for the microcosm setup, in which the

natural lake water circumstances were simulated (Barnes

et al. 2010; Bour et al. 2015). The dimension of the glass

tank used for the experiment was 45 9 45 9 45 cm. The

tanks were separated into two layers, viz., the upper layer

comprises lake water and the lower layer comprises the

sediments of the lake. The lake water and sediments used

in the present study were collected from the VIT Lake and

used for the experiment without any further processing to

maintain the biota of the source. Thus, the lower layer of

the tank (0–5 L) constitutes the lake sediment without any

deportation of the existing biotic and abiotic component,

and the upper layer of the tank (10–15 L) comprised of

lake water with all the microbial species (bacteria, algae,

etc.) as well as suspended organic and inorganic matter.

Since the lower layer consisted of sediments and the upper

layer had water, it was naturally demarcated on a physical

basis. No artificial physical separation was implemented

between the two layers. Initially, the prepared tanks were

kept in the field for 4 weeks in the open natural condition

for acclimatization and used for the experiments. Further,

the glass tanks were kept in the field throughout the study.

The aim was to make an isolated investigational setup,

which can be monitored with no difficulty without pollut-

ing the natural environment (Fig. 1).

An exposure concentration of 1000 mg L-1 nZVI was

tested in the study. The stock dispersion of 10000 mg L-1
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nZVI was prepared in deionized water and was subse-

quently sonicated using a bath sonicator (CREST Ultra

Sonics, USA). From the stock, 1500 mL was added to the

experimental microcosm tank to achieve a working dis-

persion of 1000 mg L-1 in the experimental setup. To

evaluate the changes obtained in the microcosm upon nZVI

addition, 20 mL of the samples was collected from the

upper layer (10–15 L) and lower layer (0–5 L) as marked

on glass tank of the microcosm setup (Fig. 1) and several

parameters such as physico-chemical parameters, size of

nZVI, and algal population have been analyzed at different

time intervals. The removed water sample collected for the

analysis was replenished with the source lake water, which

was collected and stored separately, to maintain the con-

stant water level of glass tank, i.e., 15-L mark as shown in

Fig. 1

In addition, the hydrodynamic size distribution of the

particles or particle agglomerates was determined for the

working dispersion (1000 mg L-1) by dynamic light scat-

tering using 90 Plus Particle Size Analyzer (Brookhaven

Instruments Corp, USA).

Physico-chemical parameters

As mentioned, the microcosm setup was kept in natural

condition and the five different physico-chemical parameters

(pH, TDS, salinity, conductivity, and temperature) were

studied throughout the experiment for both, upper and lower,

layers of the tanks using the multi-parameter PCSTestr TM

35 (Eutech instrument, Singapore), which has been outlined

in Tables S1 and S2, respectively (Supporting information).

Initially, all the five parameters were quantified every 2 h till

14 h, after that, it was quantified every 24 h up to 7 days

followed by every 7 days up to 180 days (4416 h). The

average rainfall during the experiment was recorded and

detailed in Table S3 in supporting information.

Aggregation of particles in lake water

1000 mg L-1 of nZVI dispersion was added to the glass

tank from the stock dispersion of 10,000 mg L-1. At every

2-h time interval, 20 mL of water samples was collected

from upper and lower layers of the tank till 14 h. The

collected water samples were filtered consecutively

through a sequence of coarse- to fine-pore-sized filters (20-

mm mesh-Whatman no. 1 filter paper–Whatman no. 42

filter paper) and were subjected to particle size analysis

using dynamic light scattering.

Estimation of total iron content

To estimate the total iron content, the water samples were

collected from upper and lower layers of the tank at every

2 h time interval up to 14 h. The collected samples were

acid digested by heating with HNO3 (70%) at 90 �C. The

digested samples were then analyzed using atomic

absorption spectrophotometry (AAS; PerkinElmer, Analyst

400, USA).

Fig. 1 Photograph showing

microcosm setup under natural

conditions
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Estimation of algal cell count

To estimate the effect of nZVI on the algal population of

microcosm, 10 mL of the water samples was collected from

both, upper and lower, layers of the microcosm system at

various time intervals such as every 2 h till 14 h and every

24 h up to 7 days, followed by every 7 days up to 180 days.

After following a standard protocol for filtration, the sample

was further loaded on to a Neubauer chamber, after placing a

cover slip. Then, the total number of intact cells was calcu-

lated under a bright-field microscope at 400 9 magnifica-

tion. The percentage viability of the test tanks was computed

after its normalization with the viability of the control tanks.

Estimation of total chlorophyll

Total chlorophyll estimation shows the livability of algal

flora in an experimental system. In a particular system, the

total chlorophyll estimation is a very straight and sensitive

indicator of modifications in the algal population. To

evaluate the total chlorophyll, 100 mL of water samples

containing the resident algae was collected at specified

time intervals. Initially, the water samples were collected

every 2 h till 14 h, after that, it was quantified every 24 h

up to 7 days, followed by every 7 days up to 180 days

(4416 h) from upper as well as lower layers of the glass

tanks. The removed water sample was replaced with the

lake water to maintain the level of glass tank at 15 L mark

as shown in Fig. 1. Total chlorophyll was quantified as per

modified OECD guidelines (Organization for Economic

Cooperation and Development, 2011) and Fargašová et al.

(1999). Chlorophyll was extracted with the solvent, dime-

thyl formamide (DMF). The extract obtained was further

measured at two different wavelengths, such as 649 and

665 nm using a double-beam UV–Vis spectrophotometer

(Systronics, India Ltd.) (Fargašová 2001).

Characterization methods

X-ray powder diffraction

The X-ray powder diffraction (XRD) analysis was per-

formed using a Bruker Advanced D8 (Germany) diffrac-

tometer using CuKa radiation (k = 1.5418 Å) to identify

the structure and composition of the chemically synthe-

sized nZVI. Each sample was scanned within the range of

20�–80�.

Dynamic light scattering analysis

The size distribution of the synthesized nZVI was mea-

sured using dynamic light scattering (DLS) (Horiba, SZ-

100, Japan) in the dispersion medium (deionized water).

Scanning electron microscopy

The surface morphology of synthesized nZVI was observed

by a field-emission scanning electron microscope (FESEM;

SUPRA 55, Carl Zeiss, Germany). The samples were

mounted on metal stubs using a carbon tape and sputter

coated with gold in an argon atmosphere for 1 h before

analysis.

Energy-dispersive X-ray spectroscopy

The surface elemental analysis of synthesized nZVI was

done by energy-dispersive X-ray spectroscopy (EDX)

(Model 51-ADD0011, Oxford Instruments, Germany). The

gold sputtering was done before analyzing the samples.

Transmission electron microscopy

The particle morphology of nZVI was studied with the help

of transmission electron microscopy (Philips CM12,

Netherlands). The sample was placed onto a delicate car-

bon-coated copper grid and used for transmission electron

microscopic analysis.

Statistical analysis

All the experiments were performed in triplicates, and all

the data points are expressed in terms of mean with stan-

dard error (SE). One-way ANOVA followed by Dunnett’s

and Newman–Keuls post hoc test (as applicable) were

further carried out using Prism 6.0 software for each set of

experiments to show the significant variations (at p\ 0.05)

at various time points.

Results

Characterization of synthesized nZVI nanoparticles

The synthesis of nZVI was confirmed by XRD and SEM–

EDX analyses. The XRD analysis demonstrated the crys-

talline nature of nanoparticles. The 2h peak at 46.48�
corresponds to the (111) phase of the body-centered cubic

structure (BCC) of iron. The acquired XRD pattern was

matched with the JCPDS card no. 00-006-0696, confirming

that the synthesized nanoparticles were indeed nZVI

(Fig. 2). Additionally, the SEM analysis was performed to

study the surface morphology of the nZVI. Figure 3 shows

that nZVI was of irregular shape with undefined structure

and existed as an aggregate. EDX analysis showed that the

iron content in the synthesized nZVI was 75.99%. The

transmission electron microscopic image of nZVI con-

firmed (Fig. 4) that they were mostly spherical in shape
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with size ranging between 32 and 35 nm. The mean

hydrodynamic size of the nanoparticles was found to be

254 nm in deionized water as mentioned in our previous

report (Ravikumar et al. 2016b).

Aggregation kinetics of nZVI in freshwater

microcosm system

There was a gradual increase in the particle size with time

up to 14 h. The mean hydrodynamic size of the nanopar-

ticles was found to be 440 ± 23, 818 ± 132, and

966 ± 99 nm at 2, 4, and 6 h, respectively, in the upper

layer of the system. Thereafter, an increase in the size was

observed and the hydrodynamic size reached

1132 ± 193 nm at 8 h, 1285 ± 265 nm at 10 h, and

2407 ± 483 nm at 12 h. Finally, a remarkable increase in

the size of the nanoparticles was observed and the size

reached up to 3430 ± 194 nm at 14 h (Fig. 5).

Further, the mean hydrodynamic size of nanoparticles in

the lower layer was measured to be 504 ± 57, 937 ± 279,

and 1107 ± 187 nm at 2, 4, and 6 h, respectively. An

increase in the mean hydrodynamic size was observed after

6th hour, and the measured sizes were 1263 ± 180,

1526 ± 240, 1674 ± 287, and 2752 ± 199 nm at 8, 10,

12, and 14 h, respectively (Fig. 5).

There was no significant (p[ 0.05) difference in the

particle size between the upper layer and the bottom layers

of the microcosm till 10th hour. After 10 h, i.e., at 12th and

14th hour, there was a significant (p\ 0.01) difference in

the particle size observed in both the layers (upper and

lower) of the microcosm setup.

Total iron content in the upper and layer lowers

of the microcosm

Total iron present in the system before addition of the

nanoparticles was found to be 0.1 mg L-1, whereas after

addition of nZVI to the system, soluble iron was measured

to be 620 ± 0.053, 380 ± 0.043, 80 ± 0.013, 30 ± 0.004,

10 ± 0.001, and 10 ± 0.002 mg L-1 at 0, 2, 4, 6, 8, and

10 h, respectively, in the upper layer of the system (Fig. 6).

Fig. 2 XRD image of synthesized zero-valent iron nanoparticles

Fig. 3 Scanning electron micrograph of synthesized zero-valent iron

nanoparticles

Fig. 4 Transmission electron micrograph of synthesized zero-valent

iron nanoparticles

Fig. 5 Detailed particle size analysis in lake water matrix
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In the lower layer, the total iron content was found to be

850 ± 0.048, 800 ± 0.009, 550 ± 0.073, 370 ± 0.035,

140 ± 0.019, 90 ± 0.006, 50 ± 0.004, and 20 ±

0.003 mg L-1 at 0, 2, 4, 6, 8, 10, 12, and 14 h, respectively

(Fig. 6).

The result compared between the upper and lower layers

of the microcosm setup for ion dissolution showed a sig-

nificant (p\ 0.001) difference in the Fe concentration up

to 8th hour. Further, at 10th hour, the difference in Fe

concentration was significantly (p\ 0.05) higher in the

lower layer. There was no significant difference in Fe

concentration at 12th and 14th hour in both the layers of

experimental setup.

Effect of nZVI on algal population and chlorophyll

estimation

The toxic effect of nZVI on the resident algal population

was analyzed by calculating the number of viable cells and

also by quantifying the total chlorophyll present in both,

the upper and lower, layers of the freshwater microcosm

system. The algal population and total chlorophyll were

quantified after the addition of nanoparticles. Interestingly,

the algal population (Fig. 7) and total chlorophyll (Fig. 8)

were noted to be decreasing with respect to time for the

short exposure period, i.e., 2–24 h. In the case of the longer

period, i.e., 24 h to 180 days (4416 h), a gradual increase

of the algal population from both, upper (Fig. 7a) and

lower (Fig. 7b), layers and total chlorophyll in both layers,

i.e., upper (Fig. 8a) and lower (Fig. 8b), of the system was

observed. When the algal population was compared

between the upper (Fig. 7a) and lower layers (Fig. 7b) of

the system, it was found that the toxicity was lesser in the

lower layers till 24 h, and the toxicity was found to be

decreasing in both the layers with an increase in time up to

180 days. The result, therefore, supports that the

differential toxicity of nZVI in both the layers may be due

to the variation in the bioavailability of the iron (Kumar

et al. 2014; Marsalek et al. 2012). The studies also con-

firmed that the nZVI was highly unstable and behaved as a

bulk particle with increase in time.

Discussion

Preliminary observations on the effect

of aggregation on freshwater-resident algal

population

The nZVI concentration (1000 mg L-1) was selected

according to the previous experiment to remove Cr(VI)

from contaminated water samples (Ravikumar et al.

2016a, b). The effect of aggregation–settling of the parti-

cles in the microcosm was monitored with time for this

fixed concentration of particles. Since the microcosm was

open to the environment, the effects of weathering condi-

tions also played a definite role in deciding the physico-

Fig. 6 Iron dissolution profile of soluble zero-valent iron nanopar-

ticles in lake water matrix

Fig. 7 Depiction of dose-associated impact of zero-valent iron

nanoparticles on freshwater algae a upper layer, b lower layer
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chemical behavior of the particles in the aquatic system.

According to the previous reports, large-sized particles

behave as bulk particles and also the toxic effect will

decrease with increase in the size of nanoparticles (Brunner

et al. 2006; Karakoti et al. 2006). Therefore, the particle

size analysis was stopped beyond 14 h since the size range

exceeded beyond 2000 nm. It has been reported that

uncoated or bare nZVI are prone to quick aggregation and

agglomeration, frequently forming micro-sized fractal

aggregates (Phenrat et al. 2007; Sun et al. 2006), which

may subsequently lead to a significant loss in reactivity and

decreased environmental mobility (Theron et al. 2008;

Grieger et al. 2010). It is also to be noted that pH plays a

significant role in the ion dissolution of the nanoparticles

(Kumar et al. 2014; Pakrashi et al. 2012). It was also

observed that the total Fe concentration in the microcosm

system was nearly negligible in the upper layer after the

10th hour. On the other hand, in the lower layer, the

presence of iron content was 50 and 20 mg L-1 at 12 and

14 h, respectively, which showed that the iron nanoparti-

cles were aggregating and getting settled in the lower layer

of the system.

Ecological implications of particle aggregation

and bioavailability

As discussed in previous reviews on environmental

implications of zero-valent iron nanoparticles (Grieger

et al. 2010; Stefaniuk et al. 2016), there is limited number

of ecotoxicity studies on freshwater organisms to critically

understand the hazardous potential of the particles. To date,

there are no studies on the long-term effects of nZVI par-

ticles in freshwater microcosm systems. The current study

assumes importance in this context.

The colloidal stability and agglomeration/aggregation in

the aquatic system would strongly influence the biological

reactivity and toxicity potential of the nZVI particles. The

quantity of total iron present in the system was a direct

indicator of bioavailability of the nZVI particles in the

different layers of the system. The negative impact of the

particles would depend on their bioavailability in the test

system. The bioavailability and form of the nanoparticles

play an important role in their toxicity (Üzüm et al. 2008).

In this study, it was noted that the synthesized nZVI

experienced an extensive increase in the particle size after

2nd hour in the microcosm system. The toxic effect of

1000 mg L-1 of nZVI on algae was observed to be

increasing up to 24 h in both, upper and lower, layers of the

microcosm system as indicated in Fig. 7. Afterwards, the

toxic effects gradually decreased with increase in the

exposure time up to 180 days for the upper and lower

layers. Though higher concentration of Fe, i.e., nanoparti-

cles was available in the lower layer due to aggregation and

consequent settling, the toxicity on resident algal popula-

tion was slightly lower in the lower layer. The revival of

the cell viability and total chlorophyll content began earlier

than in the upper layer. This may be due to decreased toxic

effects of the particle aggregates in the lower layer. In the

current study, the purported decline in toxicity with time in

the long-term assessment proves that the possible

agglomeration/settling of the particles perhaps steadily

decreased their bioavailability.

In spite of the increase in the use of nZVI materials and

their capacity to influence the toxic effects in both water

and soil organisms (Kirschling et al. 2010), there have been

scattered reports regarding the negative effects of nZVI on

bacteria (Davenport et al. 2000) and algae (Marsalek et al.

2012). In case of algal toxicity assessment, the effect of

synthesized iron nanoparticles on the total chlorophyll

content has not been mentioned in the literature so far.

Nanoparticles might have indirect and direct effects on the

resident algal population in the system. The bioavailability

of the nanoparticles may induce oxidative stress, which

affects the algal growth and cause adverse impacts on the

natural phytoplankton. Previous studies have demonstrated

that nZVI forms a coating around the algae, leading to the

Fig. 8 Depiction of dose-associated impact of zero-valent iron

nanoparticles on total chlorophyll a upper layer, b lower layer
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shutdown of photo system II, thereby inhibiting photo-

synthesis, which eventually effects the cell growth. The

variation in the different parameters has been represented

in Tables S1 and S2 for upper and lower layers, respec-

tively. However, since the microcosm study was conducted

under uncontrolled field conditions, it would be difficult to

arrive at a generalized conclusion regarding the effects of

pH, salinity, temperature on the algal growth in the pres-

ence of the nanoparticles.

Distinctive differences were observed in the aggregation

behavior in short exposure duration, mainly based on the

crystalline phases of the nanoparticles, which influenced

their toxicological impact on the microalgae in the system.

This was a preliminary study performed at natural condi-

tions to evaluate the aggregation and toxicity of nZVI

(1000 mg L-1) on algal population after 180 days. The

study indicated a rapid aggregation of ZVI nanoparticles,

and a reduction of algal population at short term, whereas

after 24 h, the algal population showed a gradual revival.

Comparing between the upper and lower layer of the

microcosm, the later showed less toxicity. Due to the lack

of manual control and complex nature of ecological

parameters in a microcosm setup, it is quite complicated to

obtain a definite conclusion from these types of studies.
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