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Biomixtures constitute the biologically active part of biopurification systems (BPS), which are
used to treat pesticide-containingwastewater. The aimof thisworkwas to determinewhether
co-application of chlorpyrifos (CLP) affects the removal of carbofuran (CFN) (both insecticide/
nematicides) in a coconut fiber–compost–soil biomixture (FCS biomixture), after aging or
previous exposure to CFN. Removal of CFN and two of its transformation products
(3-hydroxycarbofuran and 3-ketocarbofuran) was enhanced in pre-exposed biomixtures in
comparison to aged biomixtures. The co-application of CLP did not affect CFN removal, which
suggests that CLP does not inhibit microbial populations in charge of CFN transformation.
Contrary to the removal behavior,mineralizationof radiolabeled14C-pesticides showedhigher
mineralization rates of CFN in aged biomixtures (with respect to freshly prepared or
pre-exposed biomixtures). In the case of CLP, mineralization was favored in freshly prepared
biomixtures,which could be ascribed to high sorption during aging andmicrobial inhibition by
CFN in pre-exposure. Regardless of removal and mineralization results, toxicological assays
revealed a steep decrease in the acute toxicity of the matrix on the microcrustacean Daphnia
magna (over 97%) after 8 days of treatment of individual pesticides or the mixture CFN/CLP.
Results suggest that FCS biomixtures are suitable to be used in BPS for the treatment of
wastewater in fields where both pesticides are employed.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Biopurification systems (BPS) are biological devices developed
as a tool to treat pesticide contaminated wastewater produced
during agricultural activities (Karanasios et al., 2012). Use of BPS
ismainly focused on reducing point source contamination such
as accidental spillages during tank filling or mishandling of
application residues or cleaning of spraying equipment, where
the pesticide concentrations are usually high. BPS employ a
biologically active biomixture where pesticides are removed
uezrodriguez@ucr.ac.cr (C

o-Environmental Science
from the wastewater by sorption and/or biodegradation. The
biomixture acts as a filtermatrix that will receivewastewater of
high pesticide concentration during operation (initial operation
concentrations in the order of mg/kg in the biomixture). This
matrix is constituted by (Castillo et al., 2008): soil (usually
pre-exposed to the target pesticide) that provides degrading
microbiota, peat (as a humic component) and a lignocellulosic
substrate (to promote the growth and activity of ligninolytic
fungi, able to nonspecifically oxidize diverse organic pollutants,
Asgher et al., 2008). Though peat has been usually employed in
arlos E. Rodríguez-Rodríguez).
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the first developed biomixture compositions, it has been
successfully substituted by compost (Coppola et al., 2007;
Kravvariti et al., 2010), which is more easily available at most
geographical regions. Similarly, the use of lignocellulosic
substrates has varied according to local availability, resulting
in the use of alternative wastes such as cane bagasse, wood
chips, olive leaves, grape stalks and barley husk (Karanasios
et al., 2010; Urrutia et al., 2013; Chin-Pampillo et al., 2015a).

Efficiency of biomixtures is affected by diverse factors
including moisture, temperature, composition, pre-exposure
and maturity of the biomixture (Castillo et al., 2008). Among
these factors, maturity, aging or pre-exposure of the biomixture
have been scarcely studied. In this sense, Tortella et al. (2012)
described the degradation of CLP at twomaturity stages (15 and
30 days) and compared it to the un-aged biomixture, finding
removal efficiencies over 50% in every case, however, the
accumulation of the transformation product trichloropyridinol
(TCP) was higher in the biomixture aged for 30 days. On the
other hand, pesticide pre-exposure of the soil employed is
suggested before preparation of biomixtures (Sniegowski et al.,
2012), nonetheless few studies deal with the effect of the
pre-exposure of the whole biomixture already prepared and
usually report the outcome after successive pesticide applica-
tions (Vischetti et al., 2008; Tortella et al., 2013a, 2013b).

Carbofuran (CFN) is an insecticide that belongs to the group
of carbamates, which also presents nematicide and acaricide
activities, and poses a threat on non-target organisms due to its
high toxicity (EC50 0.0094 mg/L, acute test on Daphnia magna,
48 hr) (University of Hertfordshire, 2013), as it has been
demonstrated by the occurrence of diverse alterations in
aquatic life (Gupta, 1994; Adhikari et al., 2004). This pesticide is
currently banned in the EU and the USA, and progressively in
other latitudes, however, its use is still permitted in some
countries, even though the banning inmost of them is amatter
of time; therefore while in use, measures to avoid contamina-
tion with CFN should be applied. Chlorpyrifos (CLP) is an
organophosphate insecticide of worldwide use with a broad
spectrum of activity. CLP is considered as a hydrophobic
compound (logKow = 4.7), with low water solubility (1.4 mg/L)
andhighaffinity to organicmatter (Koc = 8.5 L/g), reasonswhy it
shows strong adsorption and reduced bioavailability in soil
(Racke, 1993; Racke et al., 1996), in contrast with CFN (Koc =
0.086 L/g, 1/n = 0.89) (University of Hertfordshire, 2013). The
neurotoxic potential of CLP (EC50 0.0001 mg/L, acute test on D.
magna, 48 hr) (University of Hertfordshire, 2013) has been
reviewed somewhere else (van Wijngaarden et al., 1993;
Richardson, 1995; Eaton et al., 2008), and includes deleterious
effects on aquatic life. The decrease inmicrobial abundance and
activity has been observed in soil after contaminationwith CLP,
which is usually ascribed to the production of TCP as a result of
CLP hydrolysis; this process is considered to result in inhibition
of CLP degradation (Racke et al., 1988; Chu et al., 2008). CFN and
CLP can be applied to the same crops in tropical regions where
CFN is still employed. Given the toxic effect of CLP onmicrobial
communities, degradation of CFN could be affected in
co-application of both compounds or in application of CLP in
combination with other pesticides such as other carbamates.

The current study aimed to determine the effect of maturity
and pre-exposure of a coconut fiber–compost–soil (FCS)
biomixture on CFN degradation and mineralization, during
single pesticide application and co-application of CLP. This FCS
biomixture has been selected among several biomixtures due to
its great efficiency to remove CFN (Chin-Pampillo et al., 2015a,
2015b). Additional toxicological assays yielded useful informa-
tion on the feasible co-application of CFN and CLP into a single
biomixture and the potential use of thismatrix at environmen-
tal level.
1. Materials and methods

1.1. Chemicals and reagents

Commercial formulations of CFN (Furadan®48SC, 48%, W/V)
and CLP (Solver®48EC, 48%, W/V) were acquired from a local
store. Analytical standards CFN (2,2-dimethyl-2,3-dihydro-
1-benzofuran-7-yl methylcarbamate, >99% purity), 3-
hydroxycarbofuran (99.5%) and 3-ketocarbofuran (99.5%) were
obtained from Chemservice (West Chester, Pennsylvania, USA).
Radio-labeled CFN (14C-CFN; [Ring-U-14C]-Carbofuran; 2.89 ×
109 Bq/g; radiochemical purity 100%; chemical purity 99.5%)
and radio-labeled CLP (14C-CLP; [Ring-2,6-14C2]-chlorpyrifos;
4.38 × 109 Bq/g; radiochemical purity 98.99%; chemical purity
98.34%) were obtained from Izotop (Institute of Isotopes Co.,
Budapest, Hungary). Carbendazim-d4 (surrogate standard, 99.0%)
and carbofuran-d3 (internal standard, 99.5%) were purchased
from Dr. Ehrenstorfer (Augsburg, Germany). Potassium
hydroxide analytical grade was purchased from Merck
(Darmstadt, Germany). Ultima Gold cocktail for Liquid
Scintillation Counting was purchased from Perkin Elmer
(Waltham, Massachusetts, USA). Solvents and extraction
chemicals are listed in Ruíz-Hidalgo et al. (2014).

1.2. Biomixture components and preparation

Clay loam soil (S) (sand 40%, silt 27%, clay 33%) was collected
from the upper soil layer (0–20 cm) of an onion field with
history of CFN application, in Tierra Blanca, Cartago, Costa
Rica. Soil was air-dried and sieved through a 2-mm sieve.
Coconut fiber (F) was acquired in a local market and garden
compost (C) was collected from a composting station located
at Universidad de Costa Rica and sieved as described for the
soil after air-drying.

Biomixture was prepared by mixing coconut fiber, com-
post, and pre-exposed soil at a volumetric proportion of
50:25:25 and moistened to approximately 75% of maximum
water-holding capacity (maximum water-holding capacity:
0.77 mL water/g biomixture). The biomixture was separated
into three batches and treated as follows: FCS-fresh was used
fresh prepared; FCS-pre was pre-exposed to CFN by spiking
25 mg/kg CFN and stored for 10 days (for CFN removal); and
FCS-age was stored at 25°C during one month prior to use. In
indicated experiments a biomixture pre-exposed and aged for
five weeks was also employed (FCS-pre/age).

1.3. Experimental procedures

1.3.1. Degradation experiments
The degradation of CFN and the formation of its transforma-
tion products, 3-hydroxycarbofuran and 3-ketocarbofuran
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were assayed by weighing 5 g of each biomixture (FCS-pre/age
and FCS-age) into 50 mL polypropylene tubes. Each sample
was spiked with commercial CFN (20 mg/kg), or a mixture of
commercial CFN and CLP (20 mg/kg each) manually homog-
enized and incubated in the dark at (25 ± 1)°C during 8 days.
The concentration of spiking was determined considering the
recommended application indications for the formulations
Furadan®48SC and Solver®48EC, the potential volume of the
wastewaters applied in the biomixture, and the mass of the
biomixture in a cylindrical container (200 L). The remaining
CFN concentration was determined by sacrificing duplicate
systems at times 0 hr, 2 days, 4 days and 8 days as described
in Section 1.4.1.

1.3.2. Mineralization studies
The mineralization of 14C-CFN and 14C-CLP was determined
through 14CO2 production in biometric systems containing
14CO2 traps with 10 mL KOH (0.1 mol/L). The biomixture (50 g),
was weighed into the biometric flask and spiked with one of
the following combinations: commercial CFN (20 mg/kg) and
14C-CFN (3000 dpm/g); commercial CLP (20 mg/kg) and 14C-CLP
(3000 dpm/g); commercial CFN and CLP (20 mg/kg each) and
14C-CFN (3000 dpm/g); commercial CFN and CLP (20 mg/kg
each) and 14C-CLP (3000 dpm/g). The systems were incubated
in the dark at (25 ± 1)°C during 28 days. The KOH in the flasks
was withdrawn at selected times and replaced with the same
amount of fresh KOH. Activity of 14C in the caught 14CO2

produced from the respective mineralized pesticide was ana-
lyzed in the KOH samples as described in Section 1.4.2.

1.3.3. Toxicity experiments
Residual toxicity was determined in the FCS-age biomixture
by adding either commercial CFN (20 mg/kg), commercial CLP
(20 mg/kg) or a mixture of commercial CFN and CLP (20 mg/kg
each) to unitary systems containing 80 g of the biomixture.
The systems were incubated in the dark at (25 ± 1)°C during
8 days and then were used to perform the acute toxicity test
with D. magna as described in Section 1.4.3. Biomixtures
sacrificed right after spiking (time 0 hr) were used as a
baseline to estimate the decrease in the toxicity.

1.4. Analytical procedures

1.4.1. Extraction and analysis of CFN and transformation
products
Extraction was carried out as described in Ruíz-Hidalgo et al.
(2014). Briefly, before extraction unitary samples (5 g) were
spiked with carbendazim-d4 as surrogate standard and 10 mL
water were added. Extraction was performed adding 15 mL
acetonitrile acidified with acetic acid (1%, V/V) and 1.55 g
sodium acetate anhydrous, 6 g magnesium sulfate anhydrous
and 1 g sodium chloride. Samples were shaken during 1 min
and centrifuged for 7 min at 4500 r/min; the extracts were
cleaned by transferring 3 mL of the supernatant to a 15 mL tube
containing 900 mg magnesium sulfate anhydrous, 150 mg
bondesil-PSA and 75 mg silica C18, followed by vortexing for
1 min and centrifuging for 7 min at 4500 r/min. Clean extract
(1.5 mL) was concentrated to dryness with a nitrogen flow in a
bath at 20–30°C; carbofuran-d3 was added as internal standard
and finally the extract was reconstituted in 1.5 mL water
acidified with formic acid (0.1%, V/V), filtered (0.45 μm) and
placed in HPLC vials. CFN and its transformation products were
analyzed by LC–MS/MS using ultra high performance liquid
chromatography (UPLC 1290 Infinity LC, Agilent Technologies,
CA, USA) coupled to a triple quadrupole mass spectrometer
(6460, Agilent Technologies, CA, USA). Chromatographic sepa-
rationwas done at 40°C by injecting 6 μL samples (2 μL loop) in a
Poroshell 120 EC-C18 column (100 mm × 2.1 mm i.d., particle
size 2.7 μm; Agilent Technologies, CA, USA), and using acidified
water (formic acid 0.1% V/V, A) and acidified methanol (formic
acid 0.1% V/V, B) as mobile phases. The mobile phase flow was
0.3 mL/min at the following conditions: 30% B for 3 min,
followed by a 15 min linear gradient to 100% B, 4 min at 100%
Band0.1 min gradient back to 30%B, followed by 5 minat initial
conditions. Selected transitions for the analytes are shown in
Table 1. The mass spectrometer employed a jet stream
(electrospray) ionization source operating at the following
conditions: gas temperature 300°C; gas flow 7 L/min; nebulizer
45 psi; sheath gas temperature 250°C; sheath gas flow 11 L/min;
capillary voltage 3500 V (for positive and negative); nozzle
voltage 500 V (for positive and negative); heater MS1 and MS2
100°C. Recovery of the method was 91% for CFN, 98% for
3-hydroxycarbofuran and 95% for 3-ketocarbofuran. Limit of
detection (LOD) and limit of quantification (LOQ) were 13 and
26 μg/kg for CFN and 3-ketocarbofuran; 16 and 32 μg/kg for
3-hydroxycarbofuran, relative to wet weight of biomixture.

1.4.2. Determination of 14CO2 from mineralization assays
Scintillant liquid (10 mL) was added to 2 mL aliquots from the
removed KOH solution samples and the 14C activity from the
trapped 14CO2 was measured using a liquid scintillation
counter (LS6000SC, Beckman Instruments Inc., USA). The
total cumulative 14CO2 activity evolved (mineralized) from
the pesticides and the initially added activity of 14C-CFN or
14C-CLP was used to calculate the percentage of 14C-pesticide
mineralized. Pesticide mineralization was modeled according
to a first order model to determine mineralization rate
constants. Mineralization rates were compared by a covari-
ance test performed in the Minitab 16® software (version
16.2.4, Minitab Inc., USA).

1.4.3. Toxicological analysis
An acute test based on D. magna immobilization was employed
to estimate the residual toxicity in the biomixtures. The test
was conducted following theU.S. EPA guidelines (EPA, 2002) and
some modifications as described by Ruíz-Hidalgo et al. (2014),
using elutriates from the biomixtures at time 0 hr (after
pesticide spiking) and after 8 days of treatment, as analytical
matrix. Elutriates were obtained according to the protocol
EPA-823-B-01-002 (EPA, 2001). Briefly, distilled water (40 mL)
were added to samples (10 g) and mechanically shaken for 1 hr
followed by centrifugation for 10 min at 3500 r/min; the
resulting supernatant was used as elutriate. Daphnids used
were cultured in the Laboratory of Ecotoxicological Assays
(CICA-University of Costa Rica) and fed with Pseudokirchneriella
subcapitata. They were kept in moderately hard reconstituted
water prepared and supplemented with B12 vitamin complex
(EPA, 2002). Appropriate dilutions fromelutriateswere prepared
usingmoderately hard reconstitutedwaterwithout B12 vitamin
complex. A number of 5 daphnid neonates of less than 24 hr



Table 1 – Selected transitions and other parameters in the detection of CFN and its transformation products using the DMRM
method.

Compound Retention time (min) Transition Fragmentor (V) Collision energy (V) Type of transition

3-Hydroxycarbofuran 3.60 ± 1.00 238 → 163 72 9 Q
238 → 107 33 q

3-Ketocarbofuran 6.10 ± 1.00 236 → 161 82 17 Q
236 → 179 9 q

Carbofuran 7.92 ± 1.00 222 → 165 82 9 Q
222 → 123 21 q

Carbendazim-d4 1.45 ± 1.00 196 → 164 102 17 Q
196 → 136 34 q

Carbofuran-d3 7.92 ± 1.00 225 → 165 86 9 Q
225 → 123 21 q

Q: quantification transition; q: qualifier transition; CFN: carbofuran; DMRM: dynamic multiple reaction monitoring.
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were placed in a 25 mL glass vial and then exposed to 10 mL of
proper dilutions from the elutriates. The acute tests were
performed in triplicates in darkness at (23 ± 1)°C. EC50, the
concentration producing 50% of immobilization in the
daphnids, was determined using the binomial probability test
on theTOXCALC—ToxicityDataAnalysis Software (version 3.0,
Tidepool Scientific Software, USA). Toxicity results were
expressed as toxicity units (TU), calculated according to the
expression: TU=(EC50)−1×100.
2. Results and discussion

The capacity of CFN removal in a coconut fiber–compost–soil
(FCS) biomixture under different preparation conditions, and
during co-application of CLP was tested. The capability of this
FCS biomixture (aged during one month) to rapidly eliminate
CFNwas previously demonstrated (Chin-Pampillo et al., 2015a),
resulting in a low half-life of 2.5 days. The use of coconut fiber
as an easily available lignocellulosic material, responds to the
adaptation of biomixtures to different geographical regions
(Urrutia et al., 2013). Similarly, compost emerges as a promising
substitute for peat, as compost-based biomixtures have shown
comparable or even better performance than the traditionally
used peat-based biomixtures (Coppola et al., 2007, 2011;
Vischetti et al., 2008; Chin-Pampillo et al., 2015a).

2.1. Degradation of CFN and transformation products

The degradation profiles of CFN in FCS-pre/age and FCS-age
biomixtures are presented in Fig. 1a. Chemical hydrolysis of
CFN may occur at basic pH values (Morales et al., 2012),
however the FCS biomixture has a pH value of 6.7, low enough
to assure the stability of CFN and to ascribe its removal to
other processes, mostly microbial degradation. After 8 days
biomixtures removed CFN from 19.8 and 17.2 mg/kg to 0.8 and
2.8 mg/kg, a reduction ranging from 95.6% to 83.7% for FCS-pre/
age and FCS-age, respectively. During co-application of CLP,
CFN removal was 89.5% (FCS-age) and 96.3% (FCS-pre/age).
Despite showing similar final removal values, the degradation
of CFN was more accelerated in the pre-exposed and aged
biomixtures, compared to the aged matrix; in this respect
FCS-pre/age showed an estimated half-life of 1.2 days, while
this parameter was almost 4-fold higher in the FCS-age
biomixture (4.7 days). This effect of pre-exposure, reported by
the term “enhanced or accelerated biodegradation of pesti-
cides” described in soils (Arbeli and Fuentes, 2007) and in
particular for CFN (Felsot et al., 1981; Karpouzas et al., 1999),
seems to occur also in the biomixture according to our results.

Thedegradationprocess didnot produce accumulationof the
metabolite 3-hydroxycarbofuran (Fig. 1b), as it completely
disappeared with respect to the initial concentrations (64 to
74 μg/kg); on the contrary, the accumulation of 3-ketocarbofuran
was slightly observed in the FCS-age but not in the FCS-pre/aged
biomixture, which is also coincident with the enhanced
biodegradation of carbofuran described in soils (Fig. 1c). Similar
FCSbiomixtures didnot accumulate anyof these transformation
products (Chin-Pampillo et al., 2015a, 2015b), thus showing the
same behavior as the FCS-pre/age matrix. Accumulation of
3-hydroxycarbofuran and 3-ketocarbofuran is highly undesir-
able, as they present similar toxicity features to CFN itself
(Gupta, 1994); the chemical nature of these products makes
them more hydrophilic than CFN, and therefore they can be
more bioavailable to affect non-target organisms. Remarkably,
the removal trend of CFN degradation and metabolite produc-
tion during co-application of CLP showed no difference with
respect to the application of CFN alone, as described below.

These results suggest that previous exposure of the
biomixture to CFN (and not only pre-exposure of the soil
employed in its preparation) improves the capacity of the
biomixture to degrade this pesticide and reduces its persistence
as well as the accumulation of some of the major toxic
transformation products. It has been demonstrated that the
aging process is an important issue affecting the capability of
degradation of biomixtures (Castillo et al., 2008; Fernandez-
Alberti et al., 2012; Tortella et al., 2012); in the present case the
aging of the biomixture slowed the degrading process and at
least temporarily, resulted in the accumulation of one major
transformation product (3-ketocarbofuran).

The results exhibited an advantageous effect of the
pre-exposure of the biomixture to CFN. This finding correlates
to the enhancing effect in the capacity of degradation by
pre-exposure reported in several works after successive
applications of the pesticides metalaxyl, carbendazim and
atrazine (Vischetti et al., 2008; Tortella et al., 2013a, 2013b). On
the contrary, Fogg et al. (2003) described a decrease in the
degradation rate after repeated applications of a pesticide
mixture in a topsoil–compost–wheat straw biomixture, which
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Fig. 1 – Removal profile of CFN in a coconut fiber–compost–soil
biomixture (a) and accumulation of transformation products
3-hydroxycarbofuran (b) and 3-ketocarbofuran (c). Each value
is the mean of duplicates with error bars representing the
standard deviation of the mean. CFN: carbofuran.
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was tentatively ascribed to the toxicity of the pesticides over
the microbial community.

The co-application of CLP did not reduce the capacity of the
biomixture to remove CFN, which suggests that microbial
activity related with CFN degradation in the biomixture was
not affected by CLP or its transformation products, particularly
TCP, widely described in soil and biomixture-like matrices
(Racke et al., 1988; Coppola et al., 2007), and very likely produced
in this case. Kadian et al. (2012) found an inhibitory effect of the
application of CLP over the microbial activity in soil, however
they found that the addition of organic amendments helped to
enhance the microbial activity after several days. In addition,
the antimicrobial properties of TCP have been reported (Feng
et al., 1997; Singh et al., 2003) and its formation has been
described in biomixtures regardless of their maturity (up to
30 days) (Tortella et al., 2012). In this context the co-application
of other pesticideswith CLP has resulted in increased inhibition
of microbial communities in soil (Chu et al., 2008). Considering
this condition, the results demonstrate that degradation of CFN
in FCS during CLP co-application is apparently unaffected. In a
similar approach, the degradation of CLP in soil was not altered
in the presence of the pesticide chlorothalonil (Chu et al., 2008);
on the contrary, Fogg et al. (2003) described slower degradation
when several pesticides (isoproturon, pendimethalin, chlorpyr-
ifos, chlorothalonil, epoxiconazole and dimethoate) were ap-
plied as a mixture than when applied alone in a biomixture.
Overall results indicate that the FCS biomixture can be
potentially employed for the simultaneous treatment of CFN
and CLP containing wastewater in crop-fields where both
pesticides are applied. Given the cross-degradation that occurs
among carbamates (Racke and Coats, 1988; Morel-Chevillet
et al., 1996), this finding suggests that a similar trend could take
place in the co-application of CLP with other carbamates.

2.2. Mineralization of CFN and CLP

In order to estimate the complete oxidation of CFN to CO2 and
water, mineralization assays with 14C-CFN and 14C-CLP were
performed, as shown in Fig. 2 (both pesticideswere radiolabeled
at the ring moiety). Regardless of CLP co-application, the
FCS-fresh and FCS-pre showed similar behavior with respect
to the mineralization of CFN (Fig. 2), achieving mineralization
rate constants between 0.0027 and 0.0046 day−1. Nonetheless,
in FCS-age biomixtures significantly higher CFNmineralization
was achieved (p < 0.05). Interestingly, in this case CFN miner-
alization rate was apparently higher (though not statistically
significant; p = 0.104) during co-application of CLP (0.0081 day−1

and 21%mineralized in 28 days) than in single CFN application
(0.0065 day−1 and16%mineralized in 28 days).Mineralization of
CLP is shown in Fig. 2b, where it can be observed that highest
mineralization took place in the FCS-fresh biomixtures
(p < 0.05), regardless of the presence of CFN (nearly 14% after
28 days and rate constants of 0.0059 and 0.0051 day−1, during
application of solely CLP and co-application, respectively). In
the meantime, CLP mineralization in FCS-pre and FCS-age was
rather low and similar (p = 0.206), slightly over 2% in 28 days
and with k values ranging from 0.0015 to 0.0010 day−1. The
mineralization rate here achieved for CLP (~0.51% day−1 in
FCS-fresh) was slightly higher than those obtained by Coppola
et al. (2007) in biomixturesmade with garden or urban compost
and citrus peel or straw (between 0.11% day−1 and 0.40% day−1,
pH between 5.66 and 8.18; 20°C, 60% water holding capacity).
Nonetheless,mineralization achieved in thiswork is lower than
reported in several tropical soils (pH 4.8–5.6; 25°C, 22%–33%
gravimetric water content) (Chai et al., 2013).

The results suggest that maturity of the biomixture en-
hances its capability tomineralizeCFNandCFN co-appliedwith
CLP, however pre-exposure to CFN seemed to inhibit that effect.
This observation is interesting, considering that the removal of
CFN is enhanced by pre-exposure, as it was described above.
The faster removal but slower mineralization in pre-exposed
biomixtures suggests that a metabolic pathway that does not
take into account the ring breakdown in CFN (as evaluated in
the mineralization assays) is taking place at a higher extent in
these biomixtures. On the contrary, in the aged biomixtures it
seems that ring breakdown occurs faster than in pre-exposed
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Fig. 2 – Mineralization of 14C-CFN (a) and 14C-CLP (b) represented as percentage of 14CO2 evolved from coconut fiber–compost–
soil biomixtures. Each value is the mean of three replicates. The tables show themineralization rate constants; values with the
same letter are not statistically different (p > 0.05). CFN: carbofuran.
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biomixtures (although other transformations in the CFN
structure cannot be discarded in the former). A possible reason
for this could be that a first exposure to CFN selectively affects
microbial populations capable to breakdown the ring moiety,
but not microorganisms that carry out the first transformation
reactions at the carbamate moiety; this is partially expected
considering the higher tolerance towards the xenobiotic shown
by degrading microbiota; however this hypothesis should be
studied further by molecular studies of microbial populations,
and the determination of other potential transformation
products or mineralization assays employing CFN radiolabeled
at other positions such as in the carbamate ester functional
group.

With respect to CLP, the highest mineralization capacity
was observed in the fresh biomixtures (p < 0.05), showing that
an aging process has a negative effect over the mineralization
of this pesticide. CLP presents high adsorption affinity to
organic matter (Racke et al., 1990; Kravvariti et al., 2010) and a
high correlation between the sorption capacity of the pesti-
cide and the lignin content was described by Rodríguez-Cruz
et al. (2009). The relatively high lignin content in the FCS
biomixture (around 12%) and the activation of sorption sites
by the degradation of organic matter of biomixture during
aging (Castillo et al., 2008) might support the sorption of CLP
to the matrix and explain the observed trends. Increase in the
sorption capacity could result in a decrease in the bioavail-
ability of CLP and consequently in the ability of microorgan-
isms to mineralize this pesticide.

2.3. Decrease in the toxicity on D. magna

Toxicity analyses were performed in elutriates from biomixtures
in order to estimate the effects of potential lixiviates derived from
the biomixtures on biota. This is an indicator of the environ-
mental applicability of the biomixtures in the co-application of
CFN and CLP. The results regarding to residual toxicity of the
elutriates from aged biomixtures are shown in Table 2. The
biomixture did not present intrinsic toxicity, resulting in 0 TU
for blank (not spiked) biomixtures at times 0 hr and after 8 days.
The toxicity of the biomixture immediately after application
of pesticides (time 0 hr) was high, particularly in the
co-application CFN/CLP compared to the toxicity of the
pesticides applied separately (more than double toxicity,
around 485 TU in the co-application), which suggests that



Table 2 – Toxicity of elutriates from biomixtures at times 0 hr and 8 days as determinedwith an acute test on D. magna after
24 and 48 hr of exposure.

Biomixture Toxicity of the elutriate at
time 0 hr (TU)

Toxicity of elutriate at
time 8 days (TU)

24 hr 48 hr 24 hr 48 hr

Blank (FCS) 0 0 0 0
FCS-age + CFN 118 (64–128) a 240 (128–256) 0 0
FCS-age + CLP 79 (64–128) 181 (128–256) 1.1 (1.0–1.3) 3.6 (2.0–4.0)
FCS-age + CFN/CLP 217 (128–256) 485 (256–513) 1.8 (1.0–2.0) 2.7 (2.0–4.0)

TU: toxicity units; FCS: coconut fiber, compost, soil biomixture; CFN: carbofuran; CLP: chlorpyrifos.
a The 95% confidence limits are shown in parentheses.
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co-application enhances the toxic effect of these pesticides on
the daphnids. After 8 days of treatment the acute toxicity on
D. magna decreased in every case, reaching complete elimina-
tion during the treatment of solely CFN, and almost completely
for CLP (97.1% decrease) and the mixture CFN/CLP (99.4%
decrease). As mentioned above, in the case of CLP (and at a
lesser extent for CFN) part of the detoxification could be
ascribed to sorption in the matrix which reduces its bioavail-
ability and therefore its extraction during elutriate preparation;
nonetheless, sorption capacity is a desirable feature in
biomixtures (Karanasios et al., 2012), as it reduces the produc-
tion of pesticide-rich lixiviates, and favors the retention of
more recalcitrant pesticides that require longer biodegradation
treatments.

It is important tonote that residual toxicity of the biomixture
significantly decreased or was totally eliminated in individual
application of both pesticides or in co-application, despite
differences in the removal of CFN and mineralization of CFN
and CLP. It is clear that a complete toxicity evaluation would
require a more extensive use of biomarkers from other trophic
levels; nonetheless, these findings demonstrate at least an
apparent effectiveness of the FCS biomixture and its potential
use in BPS to prevent the environmental impact of these
pesticides on aquatic life.
3. Conclusions

The FCS biomixture is a suitable matrix for the removal of
pesticides. Despite being design for CFN elimination, this
biomixture was also capable to mineralize CLP alone and in
co-application CFN/CLP. As co-application of CLP does not
inhibit CFN elimination, the biomixture could be employed in
fields where both pesticides are applied. Pre-exposure and
aging of the biomixture accelerated the CFN removal and
elimination of transformation products with respect to only
aged biomixtures; however, in terms of mineralization, aging
showed a better performance, maybe due to the inhibition by
pre-exposure of some microbial populations in charge of
metabolizing intermediate products from the pesticides. Re-
sults could be an indicator of the efficiency of the biomixture for
other combinations of pesticides. The marked reduction in the
acute residual toxicity of the matrix over D. magna, even in
co-application of CFN/CLP, supports the environmental friend-
liness of the biomixture to be used in BPS.
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