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Abstract The aim of this research was to assess the

efficiency of Fenton’s oxidation for degradation of endo-

crine disruptor bisphenol A (BPA) with emphasis on extent

of accompanying adsorption. Adsorption on the waste

sludge resulting from the Fenton’s oxidation could repre-

sent a significant impact on the final removal efficiency of

BPA. Fenton’s oxidation was accomplished at two con-

centrations of BPA (0.228 and 22.8 mg L-1); both at the

selected molar ratio of reagents Fe2?:H2O2 (1:10), as a

function of reaction time. The kinetics of adsorption of

BPA on waste sludge was determined for the same two

concentrations of BPA at two concentrations of waste

sludge (0.1 and 6.0 g L-1). In addition to changing con-

centrations of BPA and sludge, the adsorption process was

also influenced by parameters such as temperature, pH and

contact time. Adsorption isotherms were determined.

Oxidation and adsorption were monitored by gas chroma-

tography combined with mass spectrum. It has been con-

firmed that BPA is not completely oxidized in Fenton’s

oxidation, because it is adsorbed to formed waste ferric

sludge and thus necessary precautions for sludge deposition

must be observed.

Keywords Adsorption � Bisphenol A � Endocrine

disrupters � Fenton’s oxidation � Kinetic model

Introduction

During the last few decades, thousands of tonnes of man-

made chemicals have been produced and released into the

environment. Many of these chemical substances disrupt

the function of the endocrine system of different organisms

and are thus called endocrine disrupting substances

(EDCs). EDCs may cover a variety of chemical classes

including hormones, plant constituents, pesticides, com-

pounds used in the plastics industry and other industrial by-

products and pollutants (Ternes and Joss 2006; Farre et al.

2008). They are associated with a variety of adverse health

effects to wildlife and humans. EDCs mimic or block

endogenous hormones and may modify the synthesis,

transport, metabolism, or elimination of natural hormones

(Mlynarcikova et al. 2005). Although it is still discussed

whether such chemicals present a health hazard upon

human beings, it is necessary to develop technology for

their elimination to safeguard against potential harm to the

environment and human health (Katsumata et al. 2004;

Kazner et al. 2008).

Bisphenol A (BPA, CAS #80-05-7) is an industrial

chemical that is currently receiving a great deal of attention

as an environmental contaminant (Kang et al. 2006). BPA is

the key chemical used in the manufacture of polycarbonates

and epoxy resins, materials that are utilized in a number of

applications such as optical recording media, sports and

medical equipment, beverage containers, etc. BPA is a well-

known endocrine disruptor, and is recognized as having both

estrogenic and anti-estrogenic effects (Zoeller et al. 2005;

Fujimoto et al. 2007). It has been detected with a high
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frequency, over 17.2 lg L-1 in landfill leachates (Yamam-

oto et al. 2001), up to 12 lg L-1 in surface waters (Kolpin

et al. 2002) and up to 0.1 lg L-1 in drinking waters. This

compound has been found to be present in wastewater

effluents at low but environmentally relevant levels. This

indicates that traditional treatment technologies may not be

sufficiently effective for its removal (Citulski and Far-

ahbakhsh 2010; Khanal et al. 2006).

Advanced oxidation processes (AOPs) are the oxidative

degradation processes for organic compounds dissolved or

dispersed in aquatic media by catalytic, chemical and

photo-chemical methods (Andreozzi et al. 1999; Prousek

1996). These processes rely on the generation of organic

radicals produced either by photolysis of organic substrate

or by reaction with hydroxyl radicals (Kavitha and Pala-

nivelu 2004). In AOPs, the hydroxyl radicals (OH�) are

generated in the solution and these are responsible for the

oxidation and mineralization of the organic compounds to

water and carbon dioxide (Movahedyan et al. 2009).

Among AOPs, Fenton’s reagent (Fe2?/H2O2) is becoming

more and more common for the treatment of contaminated

water. Fenton’s reagent, a mixture of ferrous iron (catalyst)

and hydrogen peroxide (oxidizing agent), is known as a

powerful oxidant for organic contaminants (Kang and

Hwang 2000; Neyens and Baeyens 2003). Iron is a highly

abundant and non-toxic element, and hydrogen peroxide is

easy to handle environmentally. There are, however, sev-

eral disadvantages to the method: the highly to moderately

acidic environmental (pH 2–5) which is required; and, the

need to recover the Fe2? or Fe3? ions following treatment

(Abo-Farha 2010: Qiang et al. 2003). The main weakness

of the Fenton’s process is formation of waste sludge,

containing various iron salts and hydroxyls (Simon 2004);

Ma and Xia 2009). Mass of the sludge is dependent upon

the ratio and the volume of added reagents. As a conse-

quence, the problem of adsorption of pollutants could

potentially occur in the case of larger amounts of waste

sludge present (Dong et al. 2010; Prousek 1996). This may

result in significant contribution of adsorption which may

reduce efficiency of oxidation processes leading to less

effective destruction of pollutants (Fei et al. 2011).

The objectives of this research are: (1) to determine the

contribution of adsorption of BPA to waste ferric sludge in the

Fenton’s process; (2) to evaluate the usefulness of a pseudo-

second-order model for describing the adsorption mechanism;

and, (3) to investigate the applicability of the Freundlich

isotherm model to describe the BPA adsorption process.

Materials and methods

First, Fenton’s oxidation experiments were conducted, the

concentration of waste ferric sludge was determined at

different operational conditions, followed by adsorption

experiments to determine an appropriate kinetic model to

describe the adsorption process. The impact of pH and

temperature to adsorption was also studied.

Bisphenol A (2,2-bis-(hydroxyphenyl)propane, BPA

p.a.) was obtained from Sigma, Germany. Stock solutions

of BPA (0.228 and 22.8 mg L-1) were prepared by dis-

solving appropriate amounts of test substance in ethanol

(96 %, 1 mL). For Fenton’s oxidation ferrous sulfate hep-

tahydrate (FeSO4�7H2O; Fluka Analytical, Germany) and

hydrogen peroxide (H2O2, 30 %; Merck, Germany) were

used. The pH was adjusted by addition of concentrated HCl

(Merck, Germany) and NaOH (Merck, Germany) for all

experiments. Experiments were run in duplicates.

Fenton’s oxidation

Fenton’s processes were carried out in 2,000 mL beakers

with a solution volume of 800 mL. Solution of the test

substance BPA (0.228 or 22.8 mg L-1) was placed in a

beaker and mixed at 200 rpm. Optimum pH was adjusted

to 2.5–3.0. The Fenton’s process was carried out by adding

FeSO4�7H2O and H2O2 at 1:10 molar ratio with no tem-

perature adjustment. Because of the low concentrations

of reagent (at 0.228 mg L-1 of BPA molar ratio of

Fe2?:H2O2 was 0.001:0.01 M and at 22.8 mg L-1 of BPA

it was 0.1:1 M), the temperature remained in the

22 ± 1 �C range in spite of the exothermic nature of the

process. At different time periods (0, 5, 10, 30, 50 and

70 min) samples were withdrawn and the pH value was

increased with NaOH to 12.0 to stop the reaction. Samples

were boiled afterward for about 10 min to remove the

remaining H2O2. Samples were cooled and filtered through

a black ribbon. To determine the concentration of BPA

after Fenton’s oxidation GC–MS analyses were performed

on filtered samples. The impact of the procedure itself on

BPA concentration was assessed separately. 800 mL of

BPA (0.228 mg L-1) was prepared and the pH was

adjusted to 2.5 and mixed for 70 min. Then the pH was

increased to 12.0 and boiled for 10 min. After filtration, the

concentration of BPA was determined and was found to be

reduced for 3.2 ± 1.2 % (n = 2).

Adsorption experiments

For adsorption experiments waste sludge was prepared

separately under uniform conditions. 55.6 g of FeS-

O4�7H2O and 204 mL of 30 % w/v H2O2 were added in

0.5 L of distilled water. The ferrous sludge formed was

neutralized with 5 M NaOH, boiled and allowed to settle.

After 30 min, the liquid was decanted while the remaining

sludge was dried in a dryer at 105 ± 1 �C for 2 days until a

constant mass was obtained. Dry sludge was homogenized
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and sieved (0.2 mm) to ensure comparable size of sludge

particles.

The effect of contact time on the adsorption process was

studied in 2,000 mL beakers at ambient temperature

(22 ± 2 �C) with BPA concentrations of 0.228 and

22.8 mg L-1. Waste sludge (adsorbent) was added at a

concentration of 0.1 g L-1. The selection of concentrations

of waste sludge was based on average concentration of

sludge formed during Fenton’s oxidation at the low con-

centration of BPA (0.228 mg L-1). The reaction was

conducted without pH adjustment. During 2 h of mixing,

samples were withdrawn every few minutes and BPA

concentrations were measured. To determine the activation

energy of the adsorption process, 0.228 mg L-1 of BPA

was used with 0.1 g L-1 of waste sludge. The reaction was

carried out without pH adjustment at three different tem-

peratures: 10, 20 and 30 ± 2 �C. During 2 h of mixing,

samples were withdrawn every few minutes and BPA

concentrations were determined.

The study on the effect of adsorbent dose (waste sludge) on

adsorption efficiency was performed at ambient temperature

(22 ± 2 �C) without pH adjustment. Experiments were done

using two concentrations of BPA (0.228 and 22.8 mg L-1).

The sample volume was 50 mL. Adsorbent doses were varied

from 0.0 to 0.5 g L-1 for the lower concentration of BPA, and

from 0.0 to 10.0 g L-1 for the higher concentrations of BPA.

The systems were mixed for 45 min prior to analytical

determination. The effect of BPA dose (0.228 vs.

22.8 mg L-1) was investigated at a low concentration of

waste sludge (0.1 g L-1) and also at a higher concentration

(6.0 g L-1) under the same conditions (60 min).

To study the effect of initial pH on the process of

adsorption, several experiments (50 mL of the sample) at

different initial pHs, ranging from 2.0 to 12.0 with an

adsorbent dose of 0.1 g L-1 at the lower concentration of

BPA (0.228 mg L-1), were carried out. Experiments were

accomplished at ambient temperature (22 ± 2 �C) for

about 45 min. The appropriate initial pH was attained with

HCl and NaOH.

Freundlich adsorption isotherm model

The Freundlich isotherm is an empirical equation for the

description of heterogeneous systems. Its application typ-

ically gives an accurate picture of adsorption of many

organics from aquatic medium. The linear form of Fre-

undlich equation is expressed:

logðqeÞ ¼ log KF þ
1

n
log Ce ð1Þ

where KF is the Freundlich adsorption constant

[(mg g-1) (mg L-1)1/n], n the empirical constant, qe rep-

resents quantity of adsorbate per unit of adsorbent

(mg g-1), Ce is the equilibrium concentration of adsorbate

in solution (mg L-1).

The constants (KF and n) in the Freundlich isotherm can

be determined by plotting log(qe) versus log Ce (Bansal and

Goyal 2005).

Kinetic model of adsorption

Several mathematical models have been proposed to

describe adsorption data. They can be generally classified

as adsorption reaction models and adsorption diffusion

models. At present, adsorption reaction models have

widely been accepted for description of kinetic processes

of adsorption (Qiu et al. 2009). The modeling of kinetics of

adsorption of BPA on waste sludge was investigated by

two commonly used models, the Lagergren pseudo-first-

order model (Lagergren 1898) and pseudo-second-order

model presented by Ho and McKay (1999).

Lagergren (1898) proposed a method for adsorption

analysis which is the pseudo-first-order kinetic equation in

the linear form:

logðqe � qtÞ ¼ logðqeÞ �
k1

2:303

� �
t ð2Þ

where qe and qt are the amounts of BPA adsorbed at

equilibrium in mg g-1 and at time t (h), respectively, and

k1 is pseudo-first-order rate constant (h-1). To distinguish

kinetic equations based on adsorption capacity from solu-

tion concentration, this first-order reaction was called

pseudo-first-order reaction (Ho and Mckay 1998). A linear

plot of log(qe - qt) against time allows one to obtain the

kinetic rate constant. This model has been widely used in

recent years to describe the adsorption of pollutants from

wastewaters (Tan et al. 2008).

In some cases, a pseudo-second-order kinetics may

apply as expressed by Ho and McKay (1999):

t

qt

¼ 1

k2q2
e

þ 1

qe

� �
t ð3Þ

where k2 (g mg-1 h-1) is rate constant of adsorption, qe

(mg g-1) is the amount of BPA adsorbed at equilibrium

and qt (mg g-1) is the amount of BPA adsorbed at time t

(h). ln k2 ¼ ln A� EA

R
� 1

T
represents the initial adsorption

rate. This model has been successfully applied for studying

adsorption of metal ions, dyes, herbicides and various

organics from aqueous solutions (Qiu et al. 2009). The

terms qe and k2 can be determined experimentally from the

slope and intercept from a plot t/qt versus time. k2 may also

be used for determination of activation energy (Ea,

kJ mol-1):

ln k2 ¼ ln A� Ea

R
� 1
T

ð4Þ
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where k2 (g mg-1 h-1) is the rate constant of adsorption,

A the frequency factor (g mg-1 min-1), Ea the activation

energy (kJ mol-1), R the gas constant (8.314 J mol-1 K-1)

and T is the temperature (K).

Analytical method (SPME/GC–MS)

Eighteen milliliters of each filtered sample was transferred

directly to a 20 mL glass vial to perform SPME/GC–MS

analysis. SPME/GC–MS analysis was performed on GC

Agilent Technologies 6890 coupled with a MSD 5730

detector. The Gerstel MPS autosampler was used to allow

automated SPME analysis. Samples were exposed to mic-

roextraction procedure (SPME) using SPME fiber (Supe-

lco, Sigma-Aldrich) coated with polyacrylate (PA) 85 lm

(Brondi and Lancas 2005; Eisert and Levsen 1996). The

PA fiber was conditioned in the hot injector of the gas

chromatograph according to the instructions provided by

the supplier. The samples were incubated at 55 �C for

2 min. Adsorption of compounds from water samples on

the PA 85 lm fiber was carried out by stirring the vial on

the agitator for 30 min at 55 �C and a stirring speed of

250 rpm (Brondi and Lancas 2005). After adsorption, the

PA 85 lm fiber was transferred to the injector port where

thermal desorption at 250 �C occurred. Compounds were

separated on the gas chromatograph equipped with a split–

splitless injector, operating in the splitless mode and using

a 30 m length, 0.25 mm I.D., 0.25 lm film thickness HP-

5MS (5 % phenyl-methylpolysiloxane, Agilent) capillary

column. Helium was used as carrier gas with a flow rate of

1.1 mL min-1. The initial oven temperature was set at

80 �C with an initial 4 min hold during the desorption step,

followed by a programed temperature ramp 15 �C min-1

up to the final temperature of 300 �C, where it was held for

another 10 min. MS monitoring conditions were set as

follows: transfer line temperature was 280 �C and detector

voltage was 350 V. The MS signal was collected over

50–300 m z-1. Electron impact ionization in the positive

mode and scan acquisition mode were used.

Results and discussion

Fenton’s oxidation

The removal efficiency of BPA at two different concen-

trations (0.228 and 22.8 mg L-1) by Fenton’s oxidation at

one molar ratio of Fenton’s reagents Fe2? and H2O2 (1:10)

was studied (Figs. 1, 2). In both cases removal of BPA was

rapid. At lower concentration of BPA, 92 % of it was

removed in 10 min, the final removal level, attained in

90 min was 96 ± 3 % (Fig. 1). At the higher concentration

of BPA (22.8 mg L-1, Fig. 2), its concentration was

reduced 93 ± 4 % in the first 5 min.

The concentration of waste ferric sludge was also

determined following both experiments. The average sludge

production in two parallel experiments at 0.228 mg L-1 of

BPA was 0.10 ± 0.05 g L-1 and at 22.8 mg L-1 it was

6.0 ± 0.5 g L-1. It was estimated that the amount of sludge

in both cases is significant and it can vary under the same

experimental conditions due to different side reactions

depending upon the ratio of reagents, physico-chemical

conditions and nature of organics present. Formed ferric

hydroxo complexes are mainly responsible for the coagu-

lation capacity of Fenton’s reagents (Neyens and Baeyens

2003). Due to the fine dispersion and structure of formed

flocs, it is assumed that they possess large accessible

internal and/or external surface, known for different

adsorbents. Due to the fact that the BPA is well known by its

adsorption potential to soils and minerals (Tsai et al. 2006),
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it was assumed that it can adsorb also waste Fenton’s

sludge. Therefore, high removal efficiencies (Figs. 1, 2)

cannot be assigned to the oxidation process only.

Adsorption experiments

The effect of contact time to the adsorption process of BPA to

Fenton sludge was studied at both concentrations of BPA

(0.228/22.8 mg L-1). The equilibrium between liquid and

solid phase was attained at the lower concentration after

40 min (90 % of BPA removal); while at the higher con-

centration 10 min was required to achieve a final 70 %

removal. Data from these two experiments were employed

for adsorption analysis using the pseudo-second-order

kinetics equation (Table 1) in the linear form (Eq. 3). The

measured data did not fit well for the pseudo-first-order

kinetics presented as Eq. 2 (r2 = 0.7900–0.8100). For both

concentrations of the BPA, the experimental data fit the

applied pseudo-second-order model very well. The same

BPA behavior was also confirmed by other authors, dealing

with mineral adsorbents (Tsai et al. 2006). Data obtained at

the lower concentration of BPA were also used for deter-

mination of activation energy (Eq. 4). Ea was 6.64 kJ mol-1

and the frequency factor A was 29.86 g mg-1 min-1. Both

values are quite low, indicating a weak interaction between

adsorbate (BPA) and waste Fenton’s sludge (Tsai et al.

2006).

The study on the effect of adsorbent dose (waste sludge)

to adsorption efficiency was performed with both concen-

trations of BPA (0.228 and 22.8 mg L-1) and the results

were correlated using Freundlich adsorption isotherm

(Eq. 1, Table 2). Data did not fit this adsorption model

(r2 = 0.3759–0.4721). The Freundlich parameter (Kf) can

be used as a relative indicator of adsorption capacity. Zeng

et al. (2006) confirmed that in the case of BPA, it increases

with the increasing organic carbon content in the sediment.

Kf values are also very high in the case of BPA adsorption

to activated carbon, e.g. from 206.1 to 253.8

(mg g-1) (mg L-1)1/n. In the case of natural river sedi-

ments, however, they are much lower, e.g. 0.0072–0.0178

(mg g-1) (mg L-1)1/n (Tsai et al. 2006; Zeng et al. 2006).

Parameter n is used as indicator of whether adsorption

remains constant (n = 1) or decreases with increasing

solute concentration (n \ 1). In our case, it was less than 1

suggesting a low adsorption capacity (Zeng et al. 2006).

Langmuir model has been applied as well (Bansal and

Goyal 2005), but correlation between Ce/qe and qe was

even lower (r2 = 0.0237–0.1291). This was in accordance

with low Ea and A values confirming week interactions

between BPA and sludge. However, poor correlations in

both cases could also be a result of sludge behavior, which

after introducing in the test system started to act as a cat-

alyst resulting in at least minimal oxidation of the BPA

complicating adsorption data. At the same time, the initial

pH in the system with 22.8 mg L-1 of BPA decreased from

11.5 to 9.2 in 45 min of experiments. Lower pH could

activate waste ferric sludge in terms of oxidation capability

and thus oxidation of BPA may interfere with the adsorp-

tion mechanism. As a result, adsorption isotherms could

not be reliably evaluated.
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Table 1 Parameters of the pseudo-second-order model at both initial

concentrations of BPA

Initial concentration of BPA

0.228 mg L-1 22.8 mg L-1

Model equation t
qt
¼ 0:3947þ 0:4819� t

(r2 = 0.9995)

t
qt
¼ 0:0292þ 0:3646� t

(r2 = 1.0000)

qe (mg g-1) 2.08 2.70

k2 (g mg-1 h-1) 1.70 4.60
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Table 2 Freundlich adsorption

isotherm at both initial

concentrations of BPA

Initial concentration of BPA

0.228 mg L-1 22.8 mg L-1

Model equation logðqeÞ ¼ 1:1461þ 1:344� logðCeÞ
(r2 = 0.4721)

logðqeÞ ¼ 1; 3238þ 4; 1996� logðCeÞ
(r2 = 0.3759)

n 0.744 0.238

KF [(mg g-1) (mg L-1)1/n] 13.99 21.08
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At 0.228 mg L-1 of BPA, adsorption in % increased up to

0.01 g L-1 of sludge added; while at higher concentrations

of ferric sludge, it remained more or less constant

(90 ± 4 %). The same was also true for the high concen-

tration of BPA (22.8 mg L-1), where adsorption in %

increased up to 2.0 g L-1 of the sludge added (87 ± 5 %).

Data from both experiments were comparable. At the lower

concentration of BPA, 22.8 mg of the substance was

removed with 1 g of adsorbent; while at higher BPA con-

centration 11.4 mg per 1 g of sludge was eliminated. It can

be concluded that in both cases BPA was almost completely

removed from the solution. Again, like in the Fenton’s

experiment, where we were unable to distinguish between

oxidation and adsorption (Figs. 1, 2), we were unable to

evaluate the ratio between adsorption and oxidation also in

this set of experiments.

The impact of the amount of BPA on the adsorption

process at lower and at higher concentrations of waste

sludge is presented in Figs. 3 and 4, respectively. The % of

adsorption is lower at the higher initial concentration of

BPA. Initial concentration does not provide enough driving

force to overcome the mass transfer resistance between the

aqueous and solid phase. Log Kow of BPA is estimated to

be in the range from 2.20 to 3.40. Therefore, it is hydro-

phobic and binds more to organic adsorbents, e.g. activated

carbon (Tsai et al. 2006). Also, its Log Koc is 2.49, which

indicates that it has a low-to-moderate potential to cling to

the soils and sediments and that it can readily desorb

because it is not tightly bound (Staples et al. 1998).

Obtained results (Figs. 3, 4) confirm previous experi-

ments where BPA adsorption was studied at different

amounts of adsorbent added. At 0.228 mg L-1 of BPA at

0.1 g L-1 of waste sludge obtained adsorption was

95 ± 2 %; while in the case of 22.8 mg L-1 of BPA at

6.0 g L-1 of the sludge, it was 97 ± 3 %.

Initial pH of the solution affects adsorption significantly

(Fig. 5). The highest increase of adsorption was at pH

2.0–5.0, where it increased up to 90 % and it continued to

increase only slightly when the pH reached 9.0. It remained

constant at higher pHs. This can be correlated to the BPA

pKa value, 9.6–10.2, indicating its ionization at high pHs

and formation of bisphenolate anion ions; or, it is a con-

sequence of possible negatively charged surface of the

waste sludge (Tsai et al. 2006).

At pHs 2.5–3.0 which are used in Fenton’s oxidation,

[30 % adsorption was observed (Fig. 5). This leads to the

conclusion that the contribution of adsorption in the Fenton’s

oxidation experiments (Figs. 1, 2) is significant (30–70 %),

reducing the BPA oxidation efficiency to 30–70 %. Experi-

ments indicated that lower pH favors oxidation. However,

significant adsorption of BPA is expected during Fenton’s

oxidation leading to potential problems of waste ferric sludge

disposal followed by possible leaching of entrapped BPA.

Conclusion

The efficiency of Fenton’s oxidation for degradation of

endocrine disruptor BPA has been studied. Due to the

occurrence of waste ferric sludge during the oxidation

process, up to several grams per liter, the relative

importance of adsorption to sludge in comparison to

oxidative removal was determined. The main conclusions

are:

• Bisphenol A adsorbs on waste ferric sludge formed

during Fenton’s oxidation. In addition to the changing

concentrations of BPA and sludge, the adsorption

process is also influenced by parameters such as

temperature, pH and contact time. The extent of adsorp-

tion increased with contact time (up to 40 min), temper-

ature and pH. It is therefore very important to initiate the

oxidation process at conditions which assure fast reaction

(a few minutes) low pH (2.0) and ambient temperature.

• Experimental data fit an applied pseudo-second-order

kinetic model. Low activation energy (6.64 kJ mol-1)

and low frequency factor (29.86 g mg-1 min-1) indi-

cate weak interactions between adsorbate (BPA) and

waste Fenton’s sludge. This may lead to the desorption

and leaching of BPA from the waste sludge after re-

suspension at the site of deposition.

• The study on the effect of adsorbent dose (waste

sludge) to adsorption efficiency was performed used for

calculation of the Freundlich and also Langmuir

adsorption isotherm. Data did not fit adsorption models

well (r2 = 0.237–0.4721) which may be a consequence

of pH reduction during experiments and oxidative

characteristics of the added sludge under more neutral

conditions. Reliable determination of the adsorption

isotherm was not possible.

It has been confirmed that BPA is not completely oxi-

dized by Fenton’s oxidation, since adsorption to the waste

ferric sludge occurs and thus precautions must be taken for

sludge deposition to avoid negative environmental and

human health impacts.
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