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A B S T R A C T   

Butylated hydroxyanisole (BHA) is one of important phenolic antioxidants and its fate in the environment has 
attracted much attention in recent years. In this study, the initial reactions of BHA with OH radicals, including 8 
abstraction reactions and 6 addition reactions, were calculated. The lowest energy barrier of 3.20 kcal mol− 1 was 
found from the abstraction reaction on phenolic hydroxyl group. The reaction barriers of addition paths are in 
the range of 5.48–9.28 kcal mol− 1, which are lower than those of the abstraction paths. The reaction rate 
constants were calculated by using transition state theory, and the rate constants are 8.12 × 107 M− 1 s− 1and 
4.76 × 107 M− 1 s− 1 for the H-abstraction and OH-addition reactions, respectively. Through the calculation of the 
subsequent reactions of the abs-H0-TS1 and add-C4-M1 it was found that BHA would be further transformed into 
2-tert-Butyl-1,4-benzoquinone (TBQ), tert-butylhydroquinone (TBHQ) etc. in the aqueous phase, and the eco- 
toxicities of these transformed products of BHA in the aqueous phase were significantly increased comparing 
with that of the BHA and they are toxic to aquatic organism.   

1. Introduction 

Butylated hydroxyanisole (BHA), one of the most commonly used 
synthetic phenolic antioxidants (SPAs), has been widely used as a 
necessary ingredient in our daily consumptions, such as food, fodder, 
cosmetics, rubber and plastics (Ohta et al., 2009; Liu et al., 2017). It can 
help these goods to extend the shelf or service lifetime and increase the 
economic benefits (Zhang et al., 2018; Verhagen et al., 1991). The good 
performance of BHA in these fields results in huge usage (Grice, 1988). 
Developed countries like Canada use 1000–10,000 kg of BHA each year, 
even they do not produce it, implying the huge demand of BHA 
worldwide and long distance transportation of this product (Shahidi 
et al., 1992). 

Due to the great carry-through effect and volatile property, BHA can 
transfer into all environmental mediums. Previous studies show that, 
BHA and its transformation products have been found in indoor dust, 
surface water, groundwater, sewage, sludge, sediment, ocean and mol-
lusks in many countries, and they have even been detected in human 
plasma and nails (Ohta et al., 2009; Liu et al., 2017; Wang et al., 2019). 

The widespread environmental occurrence of BHA and the frequent 

human exposure have made people worry about its environmental ef-
fects and biosafety. (Suh et al., 2005; Yang et al., 2018; Zhang et al., 
2018) World Health Organization has designated BHA as a class 2B 
carcinogen since 1987. Then BHA was subsequently confirmed as 
endocrine disrupting effects, genotoxicity and reproductive toxicity for 
animals like rats and zebrafish in many previous studies. Constantly 
updated research results indicate that people may underestimate the 
environmental concentration of BHA accumulated over the past few 
decades and its environmental hazard (Lin and Fung, 2006; Li et al., 
2019). 

During the antioxidant process, BHA undergo slightly degradation, 
and it loses the hydrogen on the phenolic hydroxyl group under the 
action of the oxidant (Liu and Mabury, 2019a,b). Generally, the most 
common transformation products in this condition are antioxidant di-
mers which may be produced by the formation of phenoxy radicals 
followed by radical rearrangement and a coupling reaction with other 
radicals. Meanwhile BHA can also easily be transformed to 
tert-butylhydroquinone (TBHQ) by oxidation reaction (Liu and Mabury, 
2019a,b). And then TBHQ can be further degraded due to irradiation. 
BHA and its products mainly exist in the aqueous phase in environment, 

* Corresponding author. 
E-mail address: sxmwch@sdu.edu.cn (X. Sun).  

Contents lists available at ScienceDirect 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

https://doi.org/10.1016/j.ecoenv.2022.113179 
Received 27 September 2021; Received in revised form 17 December 2021; Accepted 6 January 2022   

mailto:sxmwch@sdu.edu.cn
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2022.113179
https://doi.org/10.1016/j.ecoenv.2022.113179
https://doi.org/10.1016/j.ecoenv.2022.113179
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2022.113179&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecotoxicology and Environmental Safety 231 (2022) 113179

2

and a concentration level of 10 – 2000 ng L− 1 has been detected in the 
water environment (river, ground water and wastewater). Their trans-
formation mechanism in the aqueous phase has a more prominent 
impact on the environment (Praveena and Sadasivam, 2016). Mean-
while, there is little information about the microscopic transformation 
mechanism of BHA in water and data on its ecotoxicological risks 
(Botterweck et al., 2000). All of these should be investigated since they 
may pose an environmental or human health risks. 

⋅OH, it has been seen as a well-known reactive oxidant that plays a 
significant role in the degradation of pollutants in water. In addition, 
Advanced Oxidation Process (AOP) can produce high concentration of 
⋅OH under certain condition. (Köse et al., 2015). Hence, either in natural 
water or AOP system, ⋅OH-initiated reactions are likely to occur (Panizza 
et al., 2000; Panizza, 2010). However, No published studies that accu-
rately describe the OH radical reaction mechanism of BHA in water as 
well as the resulting transformation products. Moreover, the corre-
sponding kinetics of the transformation reactions and the eco-toxicity of 
the transformation products are not supported by detailed data, even 
these data are particularly important for understanding the impact of 
BHA on the aquatic ecology. 

In the present work, the degradation reactions of BHA by OH radicals 
in the aqueous phase were elucidated in detail. All potential reaction 
pathways of the initial reactions between BHA and OH radicals were 
investigated using quantum chemical computational methods. Mean-
while, the reaction kinetics were calculated by using the transition state 
theory (TST) with the Kisthelp program. Based on the obtained results, 
the potential reaction pathways were described in detail. Furthermore, 
the ECOSAR program was applied to evaluate the eco-toxicities of BHA 
and its transformation products. 

1.1. Computational methods 

All the electronic structures were calculated by employing the 
Gaussian 09 program in this work (Zhao and Truhlar, 2008; Frisch et al., 
2016; He et al., 2017). In the geometric structure optimization and 
single-point energy calculation, considering the influence of the solva-
tion effect of the liquid phase reaction, the polarized continuous medium 
model (PCM) within the self-consistent reaction field theory (SCRF). The 
geometrical structure of reactants (R), intermediates (IM), transition 
states (TS), and products (P) in each elementary reaction were optimized 
by the M06–2X functional with a standard 6–31 +G(d,p) basis set 
(Peverati and Truhlar, 2011). And then single point energies were 
calculated at a more flexible basis set of 6–311 + +g (3df, 3pd) with the 
same method to accurately determine total electronic energies. In pre-
vious studies, it has been proved that M06–2X, including overlapping 
diffusion interactions, has good performance in the theoretical calcula-
tion of atmospheric chemistry (Wang et al., 2019, 2021). In this calcu-
lation, all transition states only have one imaginary frequency, whereas 
the intermediates are characterized with no imaginary vibrational fre-
quency. Meanwhile, each TS was confirmed by intrinsic reaction coor-
dinate (IRC) that is linked with the correct reactants and products 
(Schlegel, 2011). In all calculations, a frequency scale factor of 0.967 
was applied (Xu et al., 2019). 

1.2. Rate constant calculations 

Based on the optimized geometric structure parameters and the 
relating thermodynamic data, the Kisthelp program, which is a software 
using the Transition State Theory (TST) with Wigner tunneling correc-
tion, was used to calculate the rate constant of each reaction pathway 
(Canneaux et al., 2014). 

Since the relevant calculations are carried out in an aqueous envi-
ronment, we have carried out a diffusion limit correction for the reaction 
rate. The relevant calculation formula is as follows: 

k =
kdka

kd + ka  

where kd is the diffusion-limited rate constants which was calculated via 
Smoluchowski equation: 

kd = 4πRABDABNA  

where NAB is the Avogadro number, RAB is the reaction distance and DAB 
is the mutual diffusion coefficient of two reactants. DAB can be calcu-
lated by formula: 

D =
kBT
6πηα  

where kB is the Boltzmann constant, T is temperature and η and α are 
viscosity of the solvent and radius of the solute, respectively (Gao et al., 
2014; Mei et al., 2019). 

1.3. Eco-toxicity assessment calculations 

Risk assessment towards to BHA and its intermediates and products 
were stimulated using the ECOSAR package (version 2.0), which is 
developed by State of Environmental Protection Agency (Klein et al., 
1999; Peter et al., 2008). The acute and chronic toxicity of these sub-
stances to three aquatic species with different trophic levels, which are 
green algae, daphnia and fish, were assessed. The calculated toxicity was 
shown as different value of LC50 which means the concentration that 
makes half of fish and daphnia die after 96 h and 48 h exposure, 
respectively. Meanwhile, EC50 values which are the concentrations that 
make half of green algae grow normally after a 96 h exposure are 
employed to compare the acute toxicity of BHA and its transformation 
products. Besides, the ChV values the chronic toxicity of the target 
compound on these three species. The conservative effect concentra-
tions were provided in this work. 

2. Results and discussion 

The optimization structure of BHA is shown in Fig. 1. BHA is an 
asymmetric phenol containing a tert-butyl group and a methoxy group. 
Its pKa is 8.90, which means a strong dissociation ability (Yang et al., 
2018). There are 16 potential H atoms can be abstracted by OH radicals 
and 6 unsaturated positions in which OH addition reactions can take 
place. Meanwhile, the three H atoms in a same methyl group are 
equivalent, and thus only one H-abstraction reaction in a methyl group 
needs to be calculated. In total, 8 H-abstraction paths and 6 OH-addition 
paths are investigated for the initial reaction of BHA with OH radicals 
and the potential energy profile is shown in Fig. 2. 

2.1. Mechanism of ∙OH-initiated reactions of BHA 

Regarding phenolic compounds, the most reactive position is the 
hydrogen on the phenolic hydroxyl group. It has been confirmed by 
many studies that this reaction is more likely to occur than others. 
Related calculations have calculated the abstraction reaction of phenolic 
hydroxyl of BHT and OH radicals. Under the same calculation method, 
this calculation considers this reaction to be a barrierless process (Wang 
et al., 2019). For BHA, H-abstraction reaction by OH radicals occur at 
this reaction site with barrier of 3.20 kcal mol− 1. Meanwhile, the in-
termediate abs-H0-M1 and H2O are formed and the reaction energy is 
− 43.02 kcal mol− 1. For H1, the abstraction reaction is expected to 
overcome a barrier of 8.96 kcal mol− 1, and the abs-H1-M1 is generated 
with a reaction energy of − 17.27 kcal mol− 1. Similarly, for the 
abstraction reaction at position H2, the energy barrier is 
15.99 kcal mol− 1 and the reaction energy is − 24.62 kcal mol− 1. Since 
H3, H4 and H5 are the three hydrogen in the same methoxide group, 
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only slightly difference in Gibbs free energies barrier of activation were 
observed for their abstraction reactions. The reaction barrier is 8.30, 
8.31 and 10.92 kcal mol− 1 for the abstraction of H4, H3 and H5 atom, 
respectively, and the same product of abs-H3-M1 with a reaction energy 
of − 31.39 kcal mol− 1 can be found. H6 is a hydrogen between the 
tert-butyl and methoxide groups and the barrier energy of reaction 
abstracting it is relatively high (21.44 kcal mol− 1) due to the stronger 
steric effect, and this reaction releases energy of 9.79 kcal mol− 1. 

There are three methyl groups in the tert-butyl group of BHA. The 
two methyl groups of BHA are symmetric with respect to the benzene 
ring, while the one other is asymmetric. When the H8 atom of the 
asymmetric methyl group is abstracted by the OH radicals, the reaction 
overcomes the Gibbs free energies barrier of activation of 
9.40 kcal mol− 1, forming the common intermediate abs-H8-M1 with the 
reaction energy of − 59.42 kcal mol− 1. When the H atoms of the sym-
metric methyl groups are abstracted (H11 or H15), reactions overcome 
the barrier of 8.48 or 8.36 kcal mol− 1, respectively. And the abs-H11-M1 
(abs-H15-M1) is formed with the reaction energy of − 29.24 kcal mol− 1. 
Among these abstraction reaction sites, it is clear that the hydrogen on 
the phenolic hydroxyl group is the most likely site for hydrogen 
abstraction reactions. In addition, the H atoms in the two methyl groups 
of the tert-butyl group and the methoxy group are also the active reac-
tion positions with respect to OH radical reactions. 

∙OH addition reactions can also occur on the benzene ring of BHA. As 
shown in Fig. 2(b), OH addition reaction at C1, which is the carbon 
connected with hydroxyl group, needs to overcome the barrier of 
6.57 kcal mol− 1 and the reaction energy is − 18.51 kcal mol− 1. The 
addition reaction on C2 position is more easily to occur than on other 
positions, with the barrier energy of 5.45 kcal mol− 1 and reaction en-
ergy of − 18.21 kcal mol− 1. Meanwhile, when the OH radical is added on 
the C3 site, the reaction should overcome the barrier energy of 
6.78 kcal mol− 1. When comes to the carbon adjacent to the methoxy 
group, C4, the reaction needs to overcome 6.80 kal mol− 1 barrier en-
ergy. Similarly, when the OH radicals attack C5, the addition reaction 
occurs with a barrier energy of 7.43 kcal mol− 1 and reaction energy of 

− 16.85 kcal mol− 1. This carbon is located between tert-butyl and 
methoxy groups, and a stronger steric hindrance could exist leading to a 
higher activation energy. When it come to the carbon where the tert- 
butyl group is attached to, it should overcome a higher barrier energy 
of 9.28 kcal mol− 1 and the reaction energy of this pathway is 
− 19.25 kcal mol− 1. Comparing with the abstraction reaction of BHA by 
OH radicals, the barriers are relatively similar. 

In summary, for the initiation reaction of BHA and OH radicals, in 
addition to the higher energy barriers of the two abstraction reactions in 
the meta position, the other reaction pathways, including all addition 
pathways, do not exceed 10 kcal mol− 1, which means that these path-
ways are more likely to occur in the environment. At the same time, 
there is little difference between the energy barriers of the addition re-
action, which means that the proportion of each reaction is not much 
different. 

2.2. Subsequent reactions 

To clarify the occurrence of the transformation products of the BHA 
in the environment, the potential transformation pathways of the sub-
sequent reactions of BHA were investigated, which will help to further 
understand the BHA transformation mechanism in the environment. 
Based on obtained results from the initial reactions, it can be concluded 
that the H atom of the hydroxyl group is easily abstracted by the OH 
radicals, and Fig. 3 shows the formed product abs-H0-TS1 can undergo a 
barrierless reaction, in which the OH radical is added on the carbon 
associated with the phenolic hydroxyl group. During this process, the 
M12 is generated with the reaction energy of − 45.93 kcal mol− 1, which 
is an important intermediate detected in the laboratory experiment 
(Rodil et al., 2012). Subsequently, the M12 removes a CH3OH to form 
the 2-tert-Butyl-1,4-benzoquinone (TBQ, M5) with a barrier of 
33.30 kcal mol− 1 and the reaction energy of -9.65 kcal mol− 1. However, 
the generation of TBQ can also be conducted by addition reaction. Ac-
cording to the calculation result above, the reaction pathway which the 
OH radical is added to the para position of the hydroxyl group of the 
BHA is relatively easy to occur and the reaction energy during this 
process is the lowest one comparing with other addition reaction path-
ways. Thus, add-C4-M1 can remove a CH3O through a reaction with 
energy barrier of 18.09 kal mol− 1, and the tert-butylhydroquinone 
(TBHQ, M1) is generated. In human daily life, the TBHQ is a kind of 
phenolic antioxidants, which can be used in personal care products and 
pharmaceuticals. This mechanism gives the evidence on the presence of 
TBHQ in the natural water from the BHA degradation. TBHQ can 
continue to be oxidized by OH radicals. For instance, the OH radicals can 
be added on the hydroxyl group which is close to the tert-butyl group 
through the barrier energy of 6.92 kcal mol− 1 and the M2 is produced. 
And then the added OH radical can remove the hydrogen from the 
original hydroxyl group by eliminating a molecule of water. Subse-
quently, through a barrierless process OH radicals can be added on the 
para position of the M3, and the product M4 go through the same pro-
cess to form TBQ. Hydrogen on TBQ benzene ring was detected to be 
replaced by OH radical in wastewater treatment plant, the related in-
termediates called OH-TBQ (2-tert-Butyl-5 or 6-hydroxy-1,4-benzoqui-
none) (Rodil et al., 2012). As shown in the Fig. 3, these two OH 
radicals substituents produced have similar activation energy and re-
action energy. The activation energies of M7 and M10 are 
49.20 kcal mol− 1 and 50.95 kcal mol− 1, respectively. Meanwhile, the 
reaction energies of M8 and M11 are − 103.31 kcal mol− 1 and 
− 103.54 kcal mol− 1, respectively. 

2.3. Kinetic properties 

Based on the obtained thermodynamics above, the kinetic data of 
each reaction were calculated by the Kisthelp program and the results 
under the condition of temperature of 298 K and atmospheric pressure 
of 1 atm are shown in the Table 1. As for the abstraction reaction occur 

Fig. 1. Optimization structure of BHA (red: oxygen atoms; gray: carbon atoms; 
white: hydrogen atoms). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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on the hydroxyl group of the BHA, the reaction rate constant of this 
reaction pathway is 8.15 × 106 M− 1 s− 1. Comparing with other OH- 
abstraction reaction pathways, this reaction is more likely to occur 
and the reaction rate is higher due to it has an absolute advantage. This 
trend has also been experimentally verified. The total rate constant of H- 
abstraction reactions is 8.12 × 107 M− 1 s− 1 and the total rate constant of 
OH-addition reactions is 4.67 × 107 M− 1 s− 1. Therefore, the overall 
reaction rate is 1.28 × 108 M− 1 s− 1. 

In addition, we calculated the half-life (t1/2) of BHA using the 

formula t1/2 = In2/(koverall × [∙OH]), where [∙OH] is the concentration 
of ∙OH. In general, the [∙OH] is approximately 10− 15–10− 18 M in surface 
water and up to 10− 11–10− 9 M in AOP system. Therefore, at 298 K, the 
t1/2 in natural surface water and AOP system are 246.52 d–675.42 y and 
35.50 min–21.30 s. Therefore, BHA has a strong persistence in the nat-
ural environment (Gao et al., 2016, 2019). 

Fig. 2. Initial reaction mechanism diagram of BHA induced by OH radicals.  
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2.4. Ecotoxicity evaluation 

There have been some toxicity data of BHA of its chronic toxicity and 
endocrine disruption. Studies have shown that exposure to 9010 μg L− 1 

of BHA can effectively increase triglyceride levels in adipocytes, 

revealing the potential role of BHA in inducing obesity and other dis-
eases. Studies have also shown that BHA has an adverse effect on the 
development of the heart and spine of zebrafish juveniles. In addition, it 
is reported that BHA is cytotoxic to rat lung cancer cells (A549) and 
causes DNA damage, is toxic to the rat reproductive system, has devel-
opmental toxicity, endocrine disrupting effects, and teratogenic effects. 
This article has made some predictions on BHA and its transformation 
products (Wang et al., 2021). 

The eco-toxicities of the BHA and its transformation products were 
calculated by the ECOSAR software. The LD50 of BHA to fish, daphnia 
and algae are 0.989, 1.04 and 0.094 mg L− 1 and ChV is 0.120, 0.161 and 
0.319 mg L− 1, respectively. The eco-toxicity of M1 to the initial toxicity 
of BHA is basically reduced overall (except for the chronic toxicity to 
algae). In addition, for the three aquatic levels from high to low are 
0.056, 0.225, 0.046 mg L− 1, and ChV are 0.0042, 0.585 and 
0.011 mg L− 1, respectively. This indicates that the toxicity of the 
resulting intermediate M5 is relative increase. For the final products M8 
and M11, the corresponding LD50 is 0.095, 0.521 and 0.062 mg L− 1, and 
the ChV is 0.008, 2.08 and 0.015 mg L− 1, respectively. Its toxicity is 
lower than that of M5, but it is higher than that of BHA. The toxicities of 
M5, M8 and M11 are higher than that of BHA, because the toxicity of 
BHA’s transformation processes shows an increasing trend. 

3. Conclusion 

In this study, the degradation process of BHA induced by OH radical 
in aqueous phase were evaluated as a whole, and the analysis was made 
from the following aspects: OH initiated reactions and their corre-
sponding reaction rate constants, reaction mechanism of subsequent 
reaction pathways, and toxicity evaluation of corresponding trans-
formed products. 

For OH radical initiation reaction, the dominate path is the 

Fig. 3. Free energy profile of subsequent reactions between BHA and free radicals.  

Table 1 
The diffusion-limited rate constants of each initiation path at 298 K 1 atm (M− 1 

s− 1).  

Reaction K298k Reaction K298k 

R+OH → abs-H0- 
TS1→abs-H0-M1 

8,15 × 106 R+OH → abs-H12- 
TS1→abs-H12-M1 

5,52 × 106 

R+OH → abs-H1- 
TS1→abs-H1-M1 

7,24 × 106 R+OH → abs-H13- 
TS1→abs-H13-M1 

7,85 × 106 

R+OH → abs-H2- 
TS1→abs-H2-M1 

7.01 × 102 R+OH → abs-H14- 
TS1→abs-H14-M1 

5,49 × 106 

R+OH → abs-H3- 
TS1→abs-H3-M1 

7,85 × 106 R+OH → abs-H15- 
TS1→abs-H15-M1 

7,85 × 106 

R+OH → abs-H4- 
TS1→abs-H4-M1 

7,86 × 106 OH-abstraction 8.12 × 107 

R+OH → abs-H5- 
TS1→abs-H5-M1 

2,36 × 106 R+OH → add-C1- 
TS1→add-C1-M1 

8,12 × 106 

R+OH → abs-H6- 
TS1→abs-H6-M1 

7.48 × 10− 2 R+OH → add-C2- 
TS1→add-C2-M1 

8,14 × 106 

R+OH → abs-H7- 
TS1→abs-H7-M1 

6,59 × 106 R+OH → add-C3- 
TS1→add-C3-M1 

8,11 × 106 

R+OH → abs-H8- 
TS1→abs-H8-M1 

6,59 × 106 R+OH → add-C4- 
TS1→add-C4-M1 

8,11 × 106 

R+OH →abs-H9- 
TS1→abs-H9-M1 

6,34 × 106 R+OH → add-C5- 
TS1→add-C5-M1 

8,04 × 106 

R+OH → abs-H10- 
TS1→abs-H10-M1 

7,05 × 106 R+OH → add-C6- 
TS1→add-C6-M1 

6,17 × 106 

R+OH → abs-H11- 
TS1→abs-H11-M1 

7,84 × 106 OH-addition 4.67 × 107 

OH-overall 1.28 × 108  
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abstraction reaction on the phenolic hydroxyl groups of BHA, whose 
energy barrier is 3.20 kal mol− 1. For the abstraction reaction on H2 and 
H6, due to the strong steric hindrance, hydrogen energy barrier for their 
abstraction is higher, 15.99 and 21.44 kcal mol− 1 respectively, while 
the rest of the abstraction reaction path are no more than 10 kal mol− 1. 
The barriers of the addition reaction paths are lower than those of the 
abstraction reaction paths. 

The total rate constant of H-abstraction reaction was determined as 
8.12 × 107 m− 1 s− 1, and the total rate constant of OH-addition reaction 
is 4.67 × 107 m− 1 s− 1. Therefore, the overall reaction constant is 
1.28 × 108 m− 1 s− 1. 

The subsequent reactions of abs-H0-M1 and add-C4-M1, show that 
BHA would be converted to products M1, M5, M8 and M11 in the 
aqueous phase, M5 and M8, the toxicity of the transformed products of 
BHA in the aqueous phase were significantly increased comparing with 
that of the BHA. 
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