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Abstract
Purpose  To evaluate atrazine behavior in an agricultural soil (adsorption–desorption, leaching) and the effects of bioaug-
mentation with the Arthrobacter sp. strain AAC22, as a soil remediating strategy.
Material and methods  An agricultural soil with a history of atrazine application was used. Equilibrium batch experiments 
allowed the investigation of the adsorption–desorption of atrazine at different soil depths, while the atrazine leaching potential  
was assessed using disturbed soil columns. Arthrobacter sp. strain AAC22 was selected for bioaugmentation, to remove 
atrazine in soil microcosms. Removal efficiency was determined by a bioassay with oat seeds.
Results and discussion  Adsorption and desorption isotherms of atrazine at different soil depths were well described by the 
Freundlich equation (R2 > 0.99 and R2 > 0.98, respectively). The Freundlich constant (Kf) and desorption coefficient (Kfd1–3) 
decreased and increased, respectively, as soil depth increased. The Kf and Kfd1–3 values were correlated positively to organic 
carbon (r = 0.97) and negatively to pH (r =  − 0.93). In this soil, 70.2% of atrazine applied (2.5 kg ha−1) was recovered in the 
leachate and 7.6% remained in the soil column. The higher atrazine concentration leached can be explained by the negative 
hysteresis of adsorption–desorption in this soil. Bioaugmentation with AAC22 enhanced atrazine removal being nearly 70% 
after 2 days of treatment, and it was almost complete (> 99%) after 8 days. A bioassay demonstrated that bioaugmentation 
was successful and toxic by-products were not detected.
Conclusion  The adsorption–desorption and leaching experiments demonstrated the high mobility of the atrazine in the study 
soil. The bioaugmentation using the AAC22 strain is an effective strategy for atrazine removal in polluted soils.

Keywords  Atrazine · Adsorption–desorption · Leaching · Bioaugmentation · Arthrobacter sp. AAC22

1  Introduction

Agricultural management practices modify the physi-
cal, chemical, and biological properties of the soil in 
both the short and long term, thus having a direct impact 
on crop development and productivity, as well as on the 
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sustainability of agriculture (Sokolowski et al. 2020). Her-
bicides used in agricultural practices may directly reach 
the weeds but they can also be adsorbed by soil particles 
(Barchanska et al. 2017). Once in the soil, their distribu-
tion and retention are governed by a variety of complex 
and dynamic physical, chemical, and biological processes 
such as adsorption, desorption, transport, and degrada-
tion among others (Stipičević et al. 2015; Kanissery et al. 
2019). Because adsorption–desorption and leaching pro-
cesses determine the amount of herbicide that remains in 
soil or leaches to surface and groundwater, they must be 
understood and quantitatively estimated (Inoue et al. 2006).

Over the past 50 years, the s-triazine herbicide atrazine 
(2-chloro-4-ethylamino-6-isopropylamino-s-triazine) has 
been worldwide used for agricultural purposes to control 
a great variety of grassy and broadleaf weeds. Atrazine is 
commonly found as a surface and groundwater contaminant, 
and residual concentrations were also detected in soil after 
its application (Sun et al. 2019). In fact, atrazine and its 
intermediate degradation product 2-hydroxyatrazine were 
reported to remain in soils even 22 years after application, 
suggesting a high persistence in soils and consequently 
a high risk of groundwater contamination due to gradual 
desorption (Jablonowski et al. 2009). Since evidence has 
emerged on its potentially carcinogenic and endocrine-
disrupting properties, posing a risk to human health and 
the environment (Yang et al. 2014), the European Com-
mission (EU) has banned its use (EC 1998) and the USA 
has restricted it (US EPA 2007). However, it is still exten-
sively used in Asia, Africa, Oceania, and South America 
(Hansen et al. 2013). In Argentina, for instance, atrazine is 
the third most widely used herbicide, mainly on corn (Zea 
mays) and sorghum (Sorghum bicolor), with an estimated 
annual use of 10 − 15 million L (Alonso et al. 2018). Even 
though acute reports on pesticide pollution are still rather 
scarce, some authors have concerned to inform about the 
pollution levels of several pesticides (including atrazine) 
in soil and surface waters within Argentinian agricultural 
areas (Alonso et al. 2018; Bachetti et al. 2021). Hence, the 
intensive use and persistence of atrazine, together with the 
little information on its fate in the soils of the Pampean 
plain of the province of Córdoba (Argentina), indicates the 
importance to investigate the potential for environmental  
contamination of this herbicide.

Atrazine is moderately retained by soil colloids (clay and 
organic matter) and has an average organic carbon parti-
tion coefficient (KOC) of 100 mL g−1, but its persistence 
in soils may be long with a half-life (HL) of 28 − 115 days 
(Huang et al. 2013). The high persistence of s-triazines in 
soils suggests they have a low natural microbial degradation 
potential, which may be increased by the addition of micro-
organisms (Morgante et al. 2012). In this regard, bioaug-
mentation has been considered an effective and affordable 

option for the remediation of s-triazines from soils where 
the natural attenuation is slow and inefficient (Morgante 
et al. 2010; Zhou et al. 2013). Several bacteria are known to 
have the metabolic capacity necessary to degrade atrazine 
by a multi-step process at laboratory scale, but only few of 
these strains have been used for bioaugmentation strategies 
(Struthers et al. 1998; Rousseaux et al. 2003; Morgante et al. 
2010). The usefulness of bioaugmentation in contaminated 
sites sometimes is constrained by the poor survival of the 
inoculated pollutant-degrading microbial isolates, due to 
factors like interaction and competition with indigenous 
microbial communities (Wang et al. 2013). In this regard, 
it is crucial to identify and test new bacterial strains with 
more effective atrazine removal capability on soil (Singh 
et al. 2018). A good candidate for bioaugmentation approach 
could be Arthrobacter sp. strain AAC22 (GenBank access 
number: KT591504). This native bacterium has been iso-
lated from surface water in the central-southern region of 
Córdoba (Argentina) and encodes the well-known atz and trz 
catabolic genes described for s-triazine degrading pathway 
(Bachetti R. personal communication).

The soil microcosms are useful experimental systems to 
determine the potential applicability of a bioremediation 
strategy (Ruberto et al. 2013). In soil, the microbial biodeg-
radation is recognized as the main mechanism for removal 
of atrazine (Ralebitso et al. 2002). Some atrazine-degrading 
microorganisms are capable of complete mineralization, while 
several others have a partial catabolic capability (Rousseaux 
et al. 2001; Singh et al. 2018). Indeed, in the environment, the 
deisopropylatrazine and deethylatrazine were the most fre-
quent intermediate metabolites found as pollutants at higher 
concentration after 1 year of application of atrazine (Vryzas 
et al. 2012). In this sense, there are few toxicity reports for 
metabolites that are formed after bioremediation strategies 
in soil as well as results on atrazine residue removal (Singh 
et al. 2018). Some of them have determined the efficacy of a 
bioremediation process and the toxicity of the final degrada-
tion products on the growth parameters in atrazine-sensitive 
crops (Zhang et al. 2014; Silveira et al. 2017). Avena sativa 
L., which is a model plant recommended by international 
organizations to assess the standard toxicity effects of pure 
chemicals (OECD 2006), is sensitive to atrazine, which makes 
it useful to evaluate the presence of toxic by-products after 
treatment by bioaugmentation at microcosm scale (Chelinho 
et al. 2010).

Taking all of these into account, the main aims of the 
present work were (i) to study the adsorption–desorption 
and leaching capacity of the herbicide atrazine in an agri-
cultural soil with a long-term history of atrazine applica-
tion, (ii) to evaluate the degradation capacity of a native 
atrazine-degrading Arthrobacter sp. strain AAC22 in soil 
microcosms, (iii) to investigate the role of the indigenous 
atrazine-degrading microbial communities during the 
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bioaugmentation assay, and (iv) to assess the effectiveness 
of the soil bioremediation through a bioassay with Avena 
sativa L. seeds.

2 � Materials and methods

2.1 � Chemicals

Atrazine (99% pure) was provided by Atanor S.A. (Buenos 
Aires, Argentina). Cyanuric acid (98% pure) was purchased 
from Sigma-Aldrich (Darmstadt, Germany). A stock solu-
tion of 1000 μg mL−1 of each compound was prepared in 
methanol. Several standard solutions, with concentrations 
of 0.1 − 100 µg mL−1, were injected into a capillary electro-
phoresis system to find out the linearity of the response by 
the detector and the method detection limit (MDL).

Sodium tetraborate (volumetric standard) and sodium 
dodecyl sulfate (SDS) (Biopack, Argentina) were used to 
prepare the background electrolyte. Methanol of analytical 
and chromatographic grade was purchased from Sintongar, 
Argentina.

2.2 � Soil samples

The soil used in this study (typical Natracualf) is a silty clay 
loam (USDA NRCS 1999; USDA 2014) from an agricul-
tural field located in the central-southern region of Córdoba 
(Argentina), with a 20-year history of atrazine application 
(S: 32°22ʹ43.11ʺ; W: 63°15ʹ45.75ʺ). Samples were col-
lected from three layers (0 − 10, 10 − 20, and 20 − 40 cm) 
for the adsorption–desorption experiments, and from the 
top 20 cm for the leaching and bioaugmentation assays. 
The samples were air dried for 72 h at room temperature, 
homogenized, and then sieved through a 2-mm sieve. Their 
physicochemical properties are shown in Table 1. The pH 
was measured by an electrode in a soil:water ratio of 1:2.5. 
Total organic carbon (TOC) was analyzed by oxidation with 
chromic acid (Walkley and Black 1934). The sand fraction 
(∅ > 0.053 mm) was isolated by wet sieving to determine 
the proportion of total sand. The clay and silt contents were 
determined by the pipette method (Gee and Bauder 1979). 
At the time of sample collection, no residual atrazine was 
detected as outlined in Sect. 2.7.

2.3 � Adsorption–desorption experiments

Adsorption experiments were conducted by the batch 
equilibration method. Duplicate samples of 5 g soil were 
placed in 50-mL tubes and equilibrated with 10 mL of 
0.01 M CaCl2 containing atrazine at concentrations rang-
ing from 2 to 50 μg mL−1. Since the preliminary studies 
showed that atrazine reached equilibrium in all the soil 
depths after 18 to 24 h, the tubes were shaken (120 rpm) 
for 24 h at 20 °C in the dark (OECD 2000). The same 
procedures were performed in controls without atrazine. 
After equilibration, the suspensions were centrifuged at 
2000 g for 20 min. Three mL of supernatant was removed 
for analysis and filtered through a disposable 0.22 μm 
PVDF membrane. Atrazine concentration was determined 
by micellar electrokinetic chromatography (MEKC).

Desorption experiments were carried out immediately 
after adsorption procedures with initial atrazine concentra-
tion of 10, 30, and 50 µg mL−1. At the end of adsorption 
experiments, the supernatant was discarded completely 
and 10 mL of a 0.01 M of atrazine-free CaCl2 solution was 
added to the tubes. Then, the tubes were shaken for 24 h 
under the same condition as adsorption, and centrifuged 
at 2000 g for 20 min. The supernatant was collected and 
analyzed by MEKC. The desorption process was repeated 
at least three cycles, in order to desorb the majority of the 
adsorbed atrazine. The amount of atrazine remaining on 
sorbents at each desorption cycle was calculated as the 
difference between the initial adsorbed amount and the 
final desorbed amount.

The adsorption and desorption isotherms were 
described on the basis of the Freundlich model (Delle Site 
2001), following Eq. (1):

where QS is the amount of atrazine sorbed per mass of soil 
(µg g−1), Ce is the equilibrium concentration of the herbicide 
in the liquid phase (µg mL−1), Kf is the Freundlich coefficient 
indicating the sorption capacity ((µg mg−1)/(µg mL−1)N), and 
N is a dimensionless parameter that denotes the sorption 
isotherm curvature. When N = 1, adsorption may be linearly 
proportional to the atrazine equilibrium concentration in the 
solution.

(1)Qs = Kf + CN
e

Table 1   Physicochemical 
properties of typical Natracualf 
soil studied in this experiment

TOC, total organic carbon

Soil Depth (cm) pH TOC (g kg−1) Particle size (g kg−1)

Clay Silt Sand

Typical Natracualf 0–10 7.2 17 234 594 172
10–20 7.4 12 242 584 174
20–40 7.6 5 220 583 197
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The normalized sorption coefficient (KOC, mL g−1) was 
determined regarding the organic carbon, according to the 
Eq. (2).

where TOC is the total organic carbon content in the soil, 
presented in Table 1.

The hysteresis coefficient (H) was calculated from the 
ratio of the desorption and adsorption isotherm parameters 
(Huang et al. 2013), with Eq. (3).

where Nd and Na are the empirical constants for desorp-
tion and adsorption, respectively. Theoretically, if H = 1, 
hysteresis is absent. On the other hand, when Nd < Na posi-
tive hysteresis occurs (H < 1) because the pesticide resists 
desorption from the soil. In contrast, when Nd > Na a nega-
tive hysteresis occurs (H > 1), indicating that desorption is 
enhanced (Yue et al. 2017).

2.4 � Leaching experiment in soil columns

The downward movement of atrazine was studied in poly-
vinyl chloride (PVC) columns (40 cm length and 4.7 cm 
internal diameter), following the recommendations by the 
Organization for Economic Cooperation and Development 
(OECD) (OECD 2004). At the bottom of each column, 1 cm 
of glass fiber and 3 cm of quartz sand were sequentially 
placed to prevent soil loss during the experiment, and 400 g 
of soil was added at 100 g increments to reach a similar 
density to that of the soil under study (1.21 g cm−3). Prior to 
the application of atrazine, the columns were subjected to a 
saturation process with a 0.01 M CaCl2 solution for 24 h, fol-
lowed by a 24-h drainage cycle. They were then left at room 
temperature, away from direct light. The pore volume (PV) 
of the packed columns was estimated by the weight differ-
ence between water-saturated columns and dry columns. The 
PV of the soil columns after saturation was 0.57 cm3 cm−3 
(196.7 ± 0.7 mL). Next, 25 mL of a methanol:MilliQ water 
solution (10:90, V V−1) containing atrazine in an application 
rate of 2.5 kg ha−1 was added to the top of each column. 
Before leaching, the surface of the column was covered with 
a layer of quartz sand and glass fiber (3 cm) to minimize 
disturbance of soil surface. After 24 h of atrazine applica-
tion, it was leached by adding 2750 mL of CaCl2 (0.01 M) 
with a peristaltic pump for 14 days. The leachates were col-
lected daily from the bottom of the columns and then filtered 
through a nylon membrane (0.45 μm). Once leaching was 
completed, the columns were divided into four segments of 
5 cm each.

(2)KOC = Kf∕TOC

(3)H = Hd∕Ha

The retardation coefficient (RC) was determined by 
Eq. (4) (Vega et al. 2021).

where ρ is the soil bulk density (g cm−3), η is the soil water 
content (cm3 cm−3), and Kd is the sorption distribution 
coefficient (mL g−1). The mass balance was calculated by 
Eq. (5).

where Ma is the mass of atrazine applied (µg), Ml is the mass 
of atrazine leached, Mr is the mass of atrazine retained in the 
column, and Md is the mass of atrazine degraded.

Finally, the constant degradation rate (χ) was calculated 
by Eq. (6).

where t is the duration of the experiment (days).
The half-life (HL) was calculated based on knowledge 

of χ by Eq. (7).

2.5 � Bacterial growth

Atrazine-degrading bacterium Arthrobacter sp. strain 
AAC22 has been isolated from surface water (S: 
32°28ʹ45.99ʺ, W: 63°23ʹ21.22ʺ) of Cabral stream, an agri-
culture atrazine-polluted area of the Pampean plain of Cór-
doba (Argentina) (Bachetti et al. 2021). The AAC22 strain 
contains the degradation genes trzN, atzB, and atzC, so 
it can degrade atrazine into non-toxic cyanuric acid, with 
a reported efficiency of 100%. It also has a high growth 
rate (µ = 0.08 h−1) in the presence of atrazine as the only 
nitrogen source in liquid media (Bachetti R. personal com-
munication). AAC22 cells were grown in M9-minimal 
medium using 100 mg L−1 of atrazine as the sole nitro-
gen source. This medium contained (per liter of deionized 
water) 100 mL nutrient salt solution, 20 mL glucose, 1 mL 
MgSO4, 0.3 mL CaCl2, 1 mL thiamine, and 10 mL trace 
element solution. The nutrient salt solution contained 75.2 g 
L−1 Na2HPO4•2H2O, 30 g L−1 KH2PO4, and 5 g L−1 NaCl. 
The trace element solution contained 5 g L−1 EDTA, 0.8 g 
L−1 FeCl3•6H2O, 84 g L−1 ZnCl2, 13 g L−1 CuCl2•2H2O, 
10 g L−1 CoCl2•2H2O, 10 g L−1 H3BO3, and 1.6 g L−1 
MnCl2•4H2O. For solid media, 1.8% (m V−1) agar was 
added (Britania, Argentina). The cultures were incubated at 
28 °C with agitation (150 rpm) in the M9-minimal medium. 
Bacterial growth was monitored by measuring the turbidity 

(4)RC = 1 + (p∕�) × Kd

(5)Ma = M
1
+Mr +Md

(6)x = −In

(

Ma −Md

Ma

)

∕t

(7)HL = In(2)∕x
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at 600 nm (turbidity600 nm). Viability was determined by 
counting colony-forming units (CFUs) on M9-minimal 
medium agar. The AAC22 cells used for bioaugmenta-
tion experiments were prepared from a late-exponential 
culture (1 × 107 CFU mL−1), harvested by centrifugation 
(11,000 rpm for 8 min) and washed twice with a phosphate 
saline buffer (1 × , pH 7.4).

2.6 � Microcosms and bioaugmentation experiments

Microcosms were prepared in sterile plastic pots with 250 g 
soil (dry weight). The pots were covered with a polyethyl-
ene foil and incubated at room temperature in the dark (to 
prevent atrazine photodegradation). Dissipation experiments 
were conducted in sterile and non-sterile soil. The sterilized 
samples were prepared by autoclaving at 121 °C for 30 min 
on 3 different days. Atrazine was added to all the samples, 
at a final concentration of 100 mg kg−1 of dry soil. A cell 
suspension of Arthrobacter sp. AAC22 with a 107 CFU g−1 
density was inoculated at the beginning of the experiment. 
Two sets of treatments were performed by triplicate as 
follows: (A) soil + atrazine + AAC22, and (B) sterilized 
soil + atrazine + AAC22. In addition, two types of controls 
were included: (C) soil + atrazine (natural attenuation), and 
(D) sterilized soil + atrazine (abiotic control). The amended 
soils were mixed thoroughly to achieve homogeneity. Soil 
moisture was maintained with sterile water at 20% of the 
water holding capacity, by weighing the samples every day 
in order to replace water lost by evaporation. Samples were 
periodically collected, processed immediately for microbio-
logical analysis, and stored at − 20 °C for chemical analysis.

2.6.1 � Microbiological analysis

The aerobic cultivable heterotrophic cells in the soil samples 
were enumerated by counting CFU on tryptic soy agar (TSA) 
medium (Britania, Argentina). A soil sample (1 ± 0.02 g dry 
soil) was placed in a conical tube (50 mL) containing 9 mL 
of M9-minimal medium, and vigorously shaken (150 rpm) 
for 2.5 h at 28 °C. Serial eight-fold dilutions were prepared, 
and aliquots were used to inoculate plates. The plates were 
incubated at 28 °C for 48 h.

The number of atrazine-degrading microorganisms 
(ADM) in the soil treatments (A, B, and C) was deter-
mined using the most probable number (MPN) method, 
with 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) as a 
respiration indicator (Merck, Germany) in microtiter plates 
(Dinamarca et al. 2007; Morgante et al. 2012). To obtain 
the number of MPN-TTC, 1 ± 0.02 g of soil sample (dry 
soil weight) was mixed with 9 mL of M9-minimal medium 
and shaken (150 rpm) for 2.5 h at 28 °C. The mixture was 
subsequently kept still for 1.5 h. Fifteen-fold serial dilutions 
to extinction were prepared (in triplicate) in M9-minimal 

medium. One hundred µL aliquots of each dilution were 
incubated at 28 °C for 4 days in microtiter plates. After-
wards, 20 µL of TTC solution (1% m V−1) was added to each 
well. The microtiter plates were incubated again at 28 °C for 
4 h. The positive wells were determined after incubation by 
observing a change in color (red). Samples were dissolved 
with ethanol 96% (1 V), and the TTC formazan produced 
was measured with a Multiskan FC Thermo Scientific spec-
trophotometer (Waltham, MA, USA) at 450 nm. The MPN 
of ADM per gram of dry soil was determined using statisti-
cal tables designed for that purpose.

2.6.2 � Bioassay

After 14 days of treatment, bioassays were performed using 
oat seeds (Avena sativa L.) to evaluate the success of biore-
mediation in soil samples from different microcosms. The 
seeds were surface sterilized with ethanol (70% V V−1) for 
20 s and NaOCl (1% V V−1) for 90 s, and then rinsed three 
times in sterile distilled water. Ten of them were placed into 
sterile Petri dishes containing 30 g of a soil sample from 
each treatment. Uncontaminated soil samples were used as 
controls, as follows: unpolluted soil control (SC) and unpol-
luted sterile soil control (SSC). The Petri dishes were sealed 
and incubated at room temperature (25 ± 2 °C) under a 12-h 
light–12-h dark photoperiod for 120 h. After this time, ger-
minated seeds were counted and early growth parameters 
(root and hypocotyl length) were measured. The vigor index 
(VI) was calculated following Aparicio et al. (2018), while 
the germination percentages (G %), the relative growth index 
(RGI), and the germination index (GI) were calculated fol-
lowing Zucconi et al. (1981, 1984) and Alvarenga et al. 
(2007), according to equations Eqs. (8) − (11):

where GSS is the number of germinated seeds in the sample, 
GSC is the number of germinated seeds in the control, RLS 
is the radicle length (mm) in the sample, and RLC is the 
radicle length (mm) in the control.

2.7 � Analytical determinations

Atrazine was extracted from water samples by solid-
phase extraction following the method described by De 

(8)
Seed germination percentages (G%) = (GSS × 100)∕GSC

(9)
Vigor index (VI) = (mean root length

+mean hypocotyl length) × (G∕10)

(10)Relative growth index (RGI) = RLS∕RLC

(11)
Germination index (GI) = (RLS × GSS × 100)∕(RLC × GSC)
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Gerónimo et al. (2014), with modifications. Oasis HLB 
cartridges (Waters, Mildford, MA, USA) were conditioned 
with 5 mL of methanol and 5 mL of MilliQ water. Then, 
the water samples were pumped through the cartridges at 
a flow rate of 4.0 mL min−1. Afterwards, the cartridges 
were rinsed with 3 mL of MilliQ water to remove matrix 
interferences, dried under vacuum for 20 min to remove 
water, and immediately eluted with 5 mL of methanol and 
5 mL of ethyl acetate. The extracts were evaporated to 
dryness under an air flow (45 °C). The residue was recon-
stituted with 0.5 mL of a methanol:MilliQ water solution 
(40:60 V V−1), filtered through 0.22 µm and analyzed by 
MEKC.

Atrazine was extracted from soil samples by ultrasonic 
extraction (UE) (Amadori et al. 2013, with modifications). 
Three grams (± 0.02 g) of soil sample was weighed into 
conical tubes (50 mL), and 3 mL of extraction solvent 
(methanol, analytical grade) was added. The soil samples 
were homogenized in a vortex mixer and sonicated in an 
ultrasonic bath for 30 min (240 W and 40 kHz). Next, the 
suspensions were centrifuged at 5500 rpm for 15 min. The 
supernatant phases were collected and reserved in glass vials 
(20 mL). This step was performed three times and com-
bined with the respective supernatant phases. The extracts 
were filtered through nylon membranes (0.45 µm). Finally, 
the filtrates were concentrated to dryness under an air cur-
rent at 45 °C. The dry residue was dissolved with 1 mL of 
a methanol:MilliQ water solution (20:80 V V−1), filtered 
through 0.22 µm and analyzed by MEKC.

Atrazine and cyanuric acid were quantified in the water 
and soil extracts through MEKC, by means of Agilent 
Technologies 7100 (Germany), a capillary electrophoresis 
system equipped with a UV–Visible diode array detector. 
Separations were carried out with an untreated fused silica 
capillary (Agilent Technologies, Germany) with 75 μm I.D. 
and an effective length of 50 cm (total length 60 cm). The 
capillaries were washed with 0.1 M NaOH and the working 
buffer before each analysis, and with 0.1 M NaOH and Mil-
liQ water after each analysis. The working buffer contained 
a 10 mM sodium tetraborate solution, 30 mM SDS, and 10% 
of methanol (pH 8.5) (Komarova and Kartsova 2003). The 
samples were injected for 30 s at 75 mbar. The stacking 
technique was carried out as recommended by Süsse and 
Müller (1996). A working voltage of 20 kV was applied for 
the separation and − 5 kV for the stacking. The detection 
wavelengths were 225 nm for atrazine and 210 nm for cyanu-
ric acid. The concentration of each compound was quantified 
by integrating peak areas of different concentrations of the 
purified compound. The MDL for atrazine in water and soil 
samples was 0.1 µg L−1 and 12 µg kg−1, respectively. The 
recovery of the method was 95 ± 5% for water samples and 
102 ± 3% for soil samples.

2.8 � Statistical analyses

The data reported are mean values and standard devia-
tions from at least duplicate determinations from two or 
three independent experiments carried out under similar 
conditions.

Quantitative parameters were interpreted by analysis 
of variance at significance levels of α = 0.05 and α = 0.01. 
The means of the parameters were compared with a Tukey 
test (p = 0.05 and p = 0.01), whereas their correlations were 
evaluated with a Pearson correlation analysis (p = 0.05 and 
p = 0.01). For the bioassay, three replicates were performed 
for each treatment and the results are an average of all three. 
One-way analysis of variance (ANOVA) was used to test 
significant differences. When such differences were found, 
a Tukey test was used to separate the effects. The tests were 
considered significantly different at p < 0.05. Statistical anal-
yses were performed using InfoStat/P (Di Rienzo et al. 2019).

3 � Results and discussion

3.1 � Adsorption–desorption of atrazine in soil

The effective removal of atrazine presents constraints related 
to soil adsorption and the heterogeneous nature of the soil 
components. For this reason, those soil properties relevant 
to the sorption process were determined and the results are 
shown in Table 1. The pH values were close to neutrality. 
The clay content in the silt-loam soil remained relatively 
constant regardless of depth, but TOC was higher close to 
the surface (0 − 10 cm).

Freundlich parameters (Kf and N) and adsorption–desorption 
isotherms of atrazine in the different soil depths are presented 
in Table 2 and Fig. S1 (Electronic Supplementary Material). 
According to Fig. S1, the samples from a depth of 0 − 10 cm, 
with higher TOC concentration (Table 1), presented higher atra-
zine adsorption. Atrazine sorption is frequently correlated to 
TOC concentration, and hydrogen and hydrophobic bonds are 
the most important interactions occurring between triazines and 
organic matter. Hydrogen bonds occur between nitrogen atoms 
of the triazine ring and organic functional groups of the organic 
matter (Yue et al. 2017). The capacity of the soil to adsorb 
atrazine was well described by the Freundlich model, obtaining 
coefficients of determination (R2) higher than 0.99 (Table 2). 
Freundlich parameter Na is a measure of the nonlinearity of 
the adsorption isotherm. In the present study, the Na values of 
the Freundlich isotherm were close to one and correspond to 
a C-type isotherm, suggesting linear sorption as the adsorb-
ate concentration increases (Giles et al. 1960). The C-type of 
isotherm has been previously reported for atrazine adsorption 
(Huang et al. 2015).
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As described in Table  2, Kf values range from 
2.01 to 1.04 (µg mg−1)/(µg mL−1)N. According to 
the data obtained, the Kf values followed the order 
0 − 10 > 10 − 20 > 20 − 40 cm. The adsorption results are 
in agreement with those reported by Hang and Sereno 
(2002) for soils with similar physicochemical characteris-
tics in Córdoba (Argentina). Daniel et al. (2002) reported 
higher Kf values to those found in this study in three rep-
resentative soils of Buenos Aires province (Argentina) but 
with higher TOC concentration. However, after evaluating 
samples at different soil depths, these authors observed 
a behavior similar to the present study. As the sampling 
depth increased, the adsorption coefficient decreased. In 
general, the low Kf value observed for the deeper horizon 
(20 − 40 cm) indicates that atrazine molecules are prone 
to leaching into the groundwater instead of being retained 
or degraded close to the surface (Daniel et al. 2002). In 
most studies, these results were related to an increase in 
pH values and lower organic matter content in deeper hori-
zons (Salazar-Ledesma et al. 2018). Moreover, microbial 
populations tend to decrease in these horizons, and thus, 
pesticide biodegradation is slower than close to the surface 
(Paszko and Muszyński 2017).

The KOC values were significantly different (p < 0.05) for 
the superficial horizons (0 to 20 cm depth) and the deeper 
one (20 − 40 cm) (Table 2). These values were between 
64.12 and 110.00  mL  g−1, which are within the range 
reported for atrazine in other soils from Argentina (Hang 
and Sereno 2002; Daniel et al. 2002).

Table 3 shows the correlation between the Kf coefficient 
and the soil properties. This correlation coefficient value can 
be used to determine the dominating factors in the adsorp-
tion process (Daniel et al. 2002). The Kf values were sig-
nificantly and positively correlated with TOC concentration 
(r = 0.96; p < 0.01), which means that the atrazine adsorption 
in the soil could be attributed to organic matter (Lima et al. 
2010). On the other hand, there was a high and negative 
correlation between pH and Kf (r =  − 0.93; p < 0.01). A pos-
sible explanation is that atrazine is a weak base that becomes 
protonated as pH decreases, thereby increasing its adsorp-
tion in soil. Martin-Neto et al. (1994) consider that less than 
1% of atrazine molecules are in a protonated form when 
pH values are above three, while other authors take six as 
the maximum value (Koskinen and Clay 1997). Therefore, 
the negative correlation obtained may be due to the high 
negative correlation between pH and TOC concentration 
(r =  − 1.00; p < 0.01), rather than a direct effect of pH on 
the atrazine molecule. Given that all the horizons evaluated 
had pH values above seven, the impact of pH on atrazine 
adsorption can be discarded and atrazine may be assumed to 
be adsorbed as a neutral molecule (Müller et al. 2012). The 
clay fraction was highly and significantly correlated with Kf 
(r = 0.85; p < 0.05). However, the clay-silt correlation was Ta
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low and not significant (r = 0.24; p > 0.05), indicating that 
atrazine adsorption was mainly related to TOC concentration 
and not to the mineral fraction in the soil.

Desorption is a key process affecting pesticide 
sequestration in soils and pesticide predisposition to be 
degraded and/or leached at different times (Lima et al. 
2010; Huang et al. 2015). Herbicides with lower desorp-
tion rate may possess higher risk to the successive crops 
(Singh and Cameotra 2013). On the basis of the coeffi-
cient of determination values, desorption isotherms for 
all soil depths were adequately described by the Freun-
dlich equation (R2 > 0.98) (Table 2; Fig. S1). The results 
showed that the average desorption rate of atrazine after 
three successive desorption cycles was in the order 
0 − 10 < 10 − 20 < 20 − 40 cm. The amount of atrazine des-
orbed at tested soil depths increased in soils with lower 
Kf values. Similar results were demonstrated in soils with 
various physicochemical characteristics in eastern China 
(Huang et al. 2013).

By comparison of Kfd1–3 obtained from the different 
soil depths, it is possible to conclude that lower values are 
obtained for the horizons close to the surface with high TOC 
(Table 2). Larger Kfd values indicate a greater proportion 
of the pesticide retained by the soil (Yue et al. 2017). As 
presented in the adsorption study, there was a positive sig-
nificant relationship between Kfd1–3 and the TOC concentra-
tion (Kfd1: r = 0.98, p < 0.05; Kfd2: r = 0.97, p < 0.05; Kfd3: 
r = 0.92, p < 0.05), and a negative relationship between Kfd1–3 
and pH (Kfd1: r =  − 0.95, p < 0.05; Kfd2: r =  − 0.99, p < 0.05; 
Kfd3: r =  − 0.96, p < 0.05) (Table 3). A higher organic matter 
content is usually considered not only to be responsible for 
a high sorption of organic compounds but also to contribute 
significantly to desorption hysteresis (Lima et al. 2010).

The H coefficient is a quantitative indicator of the degree 
of irreversible adsorption. However, there is no agreement 
about an absolute value of the presence or absence of hyster-
esis (Yue et al. 2017). Barriuso et al. (1994) defined that H 
values between 0.7 and 1.0 indicate the absence of hysteresis. 
In the current study, the H values ranging from 1.40 to 2.47 
indicate negative hysteresis in all soil depths evaluated. How-
ever, the H values were significantly different (p < 0.05) for 
the superficial horizons (0 to 20 cm depth) and the deeper one 
(20 − 40 cm) (Table 2). The results of greater desorption for 

atrazine in the deeper horizons suggests a higher possibility 
of atrazine leaching into the groundwater. Several studies have 
reported cases of negative hysteresis in adsorption–desorption 
process with atrazine (Albarrán et al. 2003; Yue et al. 2017).

According to the results described so far, the high desorp-
tion capacity of atrazine in the study soil increases its prob-
ability of leaching to groundwater. Bioremediation could 
be an appropriate strategy to address this issue; however, 
adequate knowledge of atrazine mobility in this kind of soils 
is required as a preliminary step.

3.2 � Leaching of atrazine in soil columns

The fate of atrazine in an agricultural soil was studied by 
means of disturbed soil columns. Figure 1 shows that atra-
zine breakthrough curve is skewed to the right, exhibiting 
an asymmetric shape and tailing. The process responsible 
for nonequilibrium could be chemical nonequilibrium, 
retarded intraparticle diffusion, or intraorganic diffusion 
(Montoya et al. 2006). Chemical nonequilibrium transport 
explains the detection of atrazine in the leaching solution 
after several years from the last application (Jablonowski 
et al. 2009).

Atrazine was detected in the first leaching event (1.11 PV) 
(Fig. 1). Therefore, in this study atrazine did not instantane-
ously reach equilibrium between the liquid and solid phase 
and remained in solution subject to leaching. The content of 
atrazine in the leachate was 70.2% after being added about 
14 PV. The high percolation of atrazine is due to the low 
TOC concentration (1.6%), favoring leaching to the lower 
layers of the soil. Mendes et al. (2019) found that the high-
est amount of atrazine (> 73%) remained in the superficial 
layer (0 − 5 cm) in an Oxisol soil with a TOC concentration 
of 2.15%.

The interaction between the atrazine contained in the 
soil and the four depths evaluated (0 − 5, 5 − 10, 10 − 15, 
and 15 − 20 cm) revealed that leaching occurs throughout 
the profile (0 − 20 cm) over a 14-day leaching period. The 
mean atrazine concentration in the 15 − 20 cm layer was sig-
nificantly higher (p < 0.05) with respect to the other depths 
evaluated (Fig. 2), and the high concentration detected in 
the deepest layer attests to the compound’s leaching power.

Table 3   Pearson correlation 
coefficient (r) of atrazine 
adsorption–desorption 
parameters and soil properties

TOC total organic carbon
** Significant correlation at p ≤ 0.01; *Significant correlation at p ≤ 0.05

Clay Silt TOCa Kf Kfd1 Kfd2 Kfd3

pH  − 0.63  − 0.90**  − 1.00**  − 0.93**  − 0.94**  − 0.99**  − 0.96**
Clay 0.24 0.70 0.85* 0.85* 0.51 0.37
Silt 0.86** 0.70 0.72 0.95** 0.99**
TOC 0.96** 0.97** 0.97** 0.92**
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The mass balance calculation for the soil column indi-
cates a 77.8% recovery of the total atrazine that was ini-
tially applied (1400 µg per column). Out of this percentage, 
70.2% (982.8 µg) was recovered in the leachate, while 7.6% 
(106.4 µg) remained in the column (Table 4). The higher 
atrazine concentration leached from the silty clay loam soil 
can be explained by the negative hysteresis of the herbicide 
adsorption–desorption process. In addition, Kf and KOC were 
1.64 (µg mg−1)/(µg mL−1)N and 111.6 mL g−1, respectively, 
in the soil tested in this study (Table 2); i.e., atrazine had 
moderate leaching potential through the soil column (Vryzas 
et al. 2007). Both the moderate leaching and the negative 
hysteresis suggest that the herbicide may be bioavailable to 

soil microorganisms, especially considering that this soil has 
a long-term history of application.

The HL of atrazine degradation in the typical Natrac-
ualf soil was 38.5 days based on knowledge of χ (Table 4). 
According to Hang and Nassetta (2003), the average deg-
radation period of atrazine in soils of Córdoba varies 
between 12 and 60 days, so the results of this research are 
coincident. In addition, the low RC value (1.03) allows 
the classification of atrazine as mobile in the soil evalu-
ated indicating leaching processes and possible ground-
water contamination (Khan and Liang 1989). Similar 
results were reported by Vega et al. (2021) in two soils 
(Regosol and Calcisol) from Mexico. However, Bedmar 
et  al. (2004) reported RC values for atrazine ranging 
from 7.5 to 8.8 in several soils with high TOC concen-
tration (1.9 to 4.1%) from the province of Buenos Aires 
(Argentina). Several studies show that the elution capac-
ity of atrazine in the soil profile depends on the organic 
matter content, agricultural management of the soil, and 

Fig. 1   Relative and cumula-
tive atrazine concentration in 
typical Natracualf soil columns. 
The error bars denote standard 
deviation of each mean value 
(n = 3)

Fig. 2   Vertical distribution of atrazine content (µg kg−1) in typical 
Natracualf soil columns at the end of the study. The error bars denote 
standard deviation of each mean value (n = 3). Different letters within 
each column denote statistically significant differences (p ≤ 0.05)

Table 4   Atrazine leaching parameters

Data are means ± standard errors (n = 3)

Parameters Value

Applied mass (Ma, µg) 1400.0
Leached mass (Ml, µg) 983.0 ± 51.1
Retained mass (Mr, µg) 106.6 ± 4.4
Degraded mass (Md, µg) 310.4 ± 46.7
Distribution coefficient (Kd, mL g−1) 0.98 ± 0.02
Retardation coefficient (RC) 1.03 ± 0.08
Degradation rate (χ, days−1) 0.018 ± 0.003
Half-life (HL) (days) 38.51 ± 5.7

101Journal of Soils and Sediments (2022) 22:93–108



1 3

its chemical composition (Montoya et al. 2006; Salazar-
Ledesma et al. 2018).

3.3 � Biodegradation of atrazine in soil microcosms

3.3.1 � Effect of the bioaugmentation of soil microcosms 
with native strain Arthrobacter sp. AAC22

Bioaugmentation assays were carried out in soil microcosms 
spiked with atrazine at a final concentration of 100 mg kg−1. 
Figure 3 shows the results related to the changes in residual 
atrazine and cyanuric acid in different treatments. Atrazine 
was removed at a higher rate in the microcosms that were 
bioaugmented with Arthrobacter sp. strain AAC22 than in 
those that were not. On day 2 of incubation, atrazine deg-
radation in the bioaugmented microcosms was 69.8% for 
treatment A and 59.9% for treatment B. Thus, the HL for 
atrazine in each treatment was 22 h and 33 h, respectively 
(Fig. 3a). When the concentration of atrazine decreased, 
that of cyanuric acid gradually increased (Fig. 3b). After 
8 days of incubation, atrazine had been completely removed 
(> 99%) from the bioaugmented microcosms (Fig. 3a). The 
fact that the elimination percentages did not differ between 
these microcosms suggests that the indigenous microbial 
community did not affect the degradation efficiency of 
strain AAC22.

Atrazine degradation was higher in control C (natural 
attenuation) than in D (abiotic control) after 12 days, with 
a degradation rate of 34.7% by the end of the assay. How-
ever, this value was lower than those for bioaugmented treat-
ments with AAC22 and might be an indication of the slow 
capability of the indigenous microbial communities to adapt 

to the herbicide, favoring atrazine leaching to groundwater 
resources. On the other hand, atrazine concentration in con-
trol D began to decrease after 8 days, although the degrada-
tion rate by the end of the assay (21.5%) was not significant 
(p > 0.05) with respect to treatments A and B (Fig. 3a). This 
might mean that atrazine was hydrolyzed in this control (Zhu 
et al. 2020). By contrast, total atrazine degradation occurred 
within 7 to 8 days in the bioaugmented microcosms, which 
is evidence for the high degradation efficiency of AAC22.

Figure 3b shows the variation of cyanuric acid concentra-
tion across time. Cyanuric acid is an intermediate metabo-
lite produced during the degradation of atrazine by AAC22. 
After 2 days of incubation, the concentration of cyanuric 
acid increased in the inoculated microcosms (treatments A 
and B), thus confirming the capacity of the strain to trans-
form atrazine into this metabolite (Bachetti, personal com-
munication). Meanwhile, concentration of the same com-
pound was very low in control C after 14 days, so the native 
microorganisms in the soil might be slow to degrade the 
herbicide after having been previously exposed and thus 
adapted to it. Several studies show that cyanuric acid is eas-
ily degraded in the environment and can be used as a source 
of nitrogen by several soil microorganisms (Fernandes et al. 
2020).

3.3.2 � Effect of atrazine on indigenous and degrading 
heterotrophic microorganisms in a soil with long‑term 
exposure to atrazine

The effect of atrazine on indigenous microorganism in an 
agricultural soil with long-term exposure to the herbicide 

Fig. 3   Residual atrazine (a)  and cyanuric acid (b)  in microcosms  
throughout the incubation period (28  days). Treatment A: 
soil + 1 × 107  CFU  g−1 strain AAC22 + 100  mg  kg−1 atrazine; treat-
ment B: sterile soil + 1 × 107  CFU  g−1 strain AAC22 + 100  mg  kg−1 

atrazine; control C: soil + 100 mg kg−1 atrazine; and control D: sterile 
soil + 100 mg kg−1 atrazine. The error bars denote standard deviation 
of each mean value (n = 3)
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was assessed by counting cultivable heterotrophic bacteria 
(CFU g−1) and ADM (MPN g−1) in the microcosms cor-
responding to treatments A and B, and in control C (Figs. 4 
and 5).

The dynamics of cultivable heterotrophic bacteria 
in the soil microcosms are shown in Fig. 4. The initial 
counts of these microorganisms were significantly dif-
ferent (p < 0.05) between the two AAC22-bioaugmented 
microcosms, with values of 2.2 × 107  CFU  g−1 and 

5.6 × 106 CFU g−1 for treatments A and B, respectively. 
However, these counts rose significantly (p < 0.05) to 
2.2 × 108 CFU g−1 after 2 days of incubation in treatment 
B, and to 1.1 × 108 CFU g−1 after 7 days of incubation in 
treatment A. On the other hand, the initial count in control 
C was 1.3 × 106 CFU g−1, a number which also increased 
significantly after 4 days (2.2 × 107 CFU g−1), and which 
then remained constant until the end of the incubation 
period.

Fig. 4   Counting of het-
erotrophic microorganisms 
(Log CFU g−1) in micro-
cosms, on agar plates using 
TSA medium. Treatment 
A: soil + 1 × 107 CFU g−1 
strain AAC22 + 100 mg kg−1 
atrazine; treatment B: ster-
ile soil + 1 × 107 CFU g−1 
strain AAC22 + 100 mg kg−1 
atrazine; and control C: 
soil + 100 mg kg−1 atrazine. 
The error bars denote standard 
deviation of each mean value 
(n = 3)

Fig. 5   Estimation of catabolic 
activity of atrazine-degrading 
microorganisms (ADM 
count) in microcosms by the 
MPN method and using the 
TTC as indicator. Treatment 
A: soil + 1 × 107 CFU g−1 
strain AAC22 + 100 mg kg−1 
atrazine; treatment B: ster-
ile soil + 1 × 107 CFU g−1 
strain AAC22 + 100 mg kg−1 
atrazine; and control C: 
soil + 100 mg kg−1 atrazine. 
The error bars denote standard 
deviation of each mean value 
(n = 3)
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The ADM dynamics were determined in the differ-
ent microcosms by the TTC-MPN method, developed by 
Dinamarca et al. (2007), for the detection and quantification 
of s-triazine-degrading microorganisms in the soil (Fig. 5). 
This method is based on the capability of microorganisms 
to use an s-triazine herbicide as the sole nitrogen source for 
growth (Dinamarca et al. 2007; Morgante et al. 2012). The 
initial ADM count was 5.8 × 105 and 5.6 × 105 MPN cells g−1 
for treatments A and B, respectively. After 2 days of incu-
bation, these counts increased significantly (p < 0.05), with 
the highest values being reached after 8 days. However, the 
count was higher for treatment B than for A. These results 
suggest that strain AAC22 has a higher growth rate and an 
efficient atrazine degradation in the absence of native micro-
organisms, probably due to lack of competition for nutrients. 
After 8 days, ADM began to decrease significantly (p < 0.05) 
in both treatments, possibly because of the poor availability 
of atrazine in the soil. Still, the count remained relatively 
high up (5.8 × 104 NMP cell g−1) to the end of the assay, 
which demonstrates the strong survival ability of AAC22 
in the soil.

In the microcosms subjected to natural attenuation (C), 
the application of atrazine caused a gradual increase of the 
ADM, from 1.3 × 101 NMP cells g−1 (initial day) to 2.2 × 104 
NMP cells g−1 on day 28. These results, which are in agree-
ment with those previously reported, may mean that the 
repeated application of atrazine on crops favors the devel-
opment of a microbial population with the ability to toler-
ate s-triazine (Bonfleur et al. 2015). Different studies have 
described the change that occurs in the microbial community 
in response to the biodegradation of s-triazines. Morgante 
et al. (2010) found that bioaugmentation with Pseudomonas 
sp. strain MHP41 promoted simazine attenuation and micro-
bial population changes in agricultural soils from Chile. 
Mahía et al. (2011) reported that the dynamics of the bacte-
rial population were significantly affected by the incubation 
time and the soil type after atrazine addition.

Arthrobacter sp. strain AAC22 has proved to be a suitable 
candidate for bioremediation of atrazine-contaminated soils 
in the studied area. In the present study, a single inoculation 
with strain AAC22 made it possible to satisfactorily remove 
atrazine in soils amended with 100 mg kg−1 of the herbicide 
after 8 days. The results obtained also offer evidence on the 
survival ability of AAC22 in an agricultural soil throughout 
the incubation period.

3.3.3 � Assessment of soil bioremediation efficacy

The effectiveness of any remediation process in a contami-
nated environment should be verified by using a biological 
approach (Aparicio et al. 2018). Thus, after implementing 
bioaugmentation, the soil microcosms were tested through 
a bioassay using oat seeds (A. sativa L.). The germina-
tion of these seeds was not inhibited (100 − 93%), and 
non-significant differences were observed between treat-
ments and controls after 14 days (Table 5). Fernandez et al. 
(2019) reported that germination is often little affected by 
chemical pollution, and that germination studies sometimes 
might not be able to predict the survival of the tested spe-
cies. For this reason, we also evaluated root and hypocotyl 
length in A. sativa L. Although there was no inhibition in 
the root and shoot growth of the seedlings in controls C and 
D, root length showed significant differences with respect 
to the bioremediated treatments (Table 5). In contrast, the 
values for hypocotyl length were similar in treatments and 
controls. These results indicate that atrazine is more toxic 
in roots than in hypocotyls, likely because the roots are the 
primary organ in contact with the pollutant.

The VI facilitates the comparison between treatments 
because it combines data regarding germination and seedling 
length into a single value. This index was significantly lower 
for the oat seedlings from atrazine controls than for those 
from bioaugmented treatments and controls (SC and SSD), 
thus confirming that A. sativa L. serves as an indicator of the 

Table 5   Toxicity bioassay on soil microcosm samples taken after the bioaugmentation treatment, using A. sativa L. seeds

Data are means ± standard errors (n = 3). Different letters within a column indicate significant differences (p < 0.05) between treatments (Tukey’s 
range test)
SC, unpolluted soil control; SSC, unpolluted sterile soil control; G, seed germination percentage; VI, vigor index; RGI, relative growth index; GI, 
germination index. Treatment A: soil + 1 × 107 CFU g−1 strain AAC22 + 100 mg kg−1 atrazine; treatment B: sterile soil + 1 × 107 CFU g−1 strain 
AAC22 + 100 mg kg−1 atrazine; control C: soil + 100 mg kg−1 atrazine; and control D: sterile soil + 100 mg kg−1 atrazine

Treatment G (%) Root length (mm) Hypocotyl length (mm) VI RGI GI

SC 100a 82.61 ± 4.01b 40.80 ± 0.76bc 1234.06 ± 45.38bc - -
SSC 100a 79.99 ± 3.79b 38.98 ± 2.70c 1081.14 ± 148.90bc - -
A 100a 110.52 ± 10.49a 59.12 ± 6.95a 1679.14 ± 191.96a 1.34 ± 0.12a 133.79 ± 12.70a
B 100a 75.08 ± 2.42bc 51.81 ± 3.23a 1354.83 ± 73.27b 0.94 ± 0.03b 93.87 ± 3.03b
C 97a 63.67 ± 4.09 cd 39.11 ± 5.85bc 995.56 ± 110.75c 0.77 ± 0.05bc 74.49 ± 6.29bc
D 93a 55.03 ± 2.98d 51.81 ± 3.23ab 997.04 ± 59.09c 0.69 ± 0.04c 64.13 ± 3.27c
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efficiency of bioremediation under the conditions studied. 
On the other hand, VI was significantly higher in AAC22 
treatments than in control soils (Table 5). This could indi-
cate a synergistic effect between the plant and the microor-
ganism. In addition, the cyanuric acid produced during the 
biodegradation of atrazine can be converted to urea by other 
microorganisms present in the soil and therefore promote 
plant growth (Zhang et al. 2014).

In terms of GI, the values shown in Table 5 indicate the 
absence of phytotoxic compounds in treatments A and B 
according to the categories assigned by Zucconi et al. (1981, 
1984). However, a moderate presence of phytotoxic com-
pounds was detected in controls C and D. Besides, the RGI 
values could indicate the absence of significant effects on 
seedling root or root elongation stimulation, according to 
Alvarenga et al. (2007)

Taken together, the results of the bioassay demonstrate 
that Arthrobacter sp. strain AAC22 was efficient and safe for 
the bioremediation of atrazine-contaminated soils.

4 � Conclusions

The present study analyzes the adsorption–desorption and 
leaching of atrazine in an agricultural soil of the Pampean 
plain of Córdoba (Argentina), to understand the overall fate 
of the herbicide in the environment. Adsorption and desorp-
tion isotherms of atrazine are well described by the Freun-
dlich equation. The TOC concentration and pH played an 
important role affecting adsorption–desorption process at 
different soil depths. Consequently, in the studied soil the 
atrazine desorption raises as increasing the soil depth mainly 
because the TOC concentration declines in deeper layers. 
Negative hysteresis was verified for all tested soil depths. 
The vertical transport of atrazine in disturbed soil columns 
showed that the maximum elution peak was reached at the 
first week of the experimental work. To our knowledge, this 
is the first report concluding that atrazine is a mobile com-
pound in soils of the Pampean plain of Córdoba (accord-
ing to the RC value) and hence a potential groundwater 
contaminant.

This study also demonstrates that the native Arthrobacter 
sp. strain AAC22 increases atrazine removal in soil micro-
cosms, without needing previous acclimatization or biostim-
ulation. This is a relevant finding when comparing with 
natural attenuation processes since microorganisms present 
in soils with a history of atrazine application often have to 
undergo acclimatization prior to the onset of degradation. 
Thus, the process can take from several weeks to months, 
especially in soils with high doses of the herbicide. In addi-
tion, and based on the data obtained, prolonged microbial 
acclimatization can be harmful for the environment, as 

dispersal of the contaminant may occur by leaching and/or 
runoff. Besides, strain AAC22 was able to remove atrazine 
without generating toxic by-products and would therefore 
make a suitable and highly recommendable candidate for the 
bioremediation of soils contaminated with s-triazines. Our 
results support the relevance of bioaugmentation with this 
strain as a bioremediation strategy, especially in soils where 
natural attenuation is low or undetectable.
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