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Abstract 23 

The abatement of 9 polychloro-1,3-butadienes (CBDs) in aqueous solution by ozone, UV-24 

C(254 nm) photolysis, and the corresponding advanced oxidation processes (AOPs) (i.e., 25 

O3/H2O2 and UV/H2O2) was investigated. The following parameters were determined for 9 26 

CBDs: Second-order rate constants for the reactions of CBDs with ozone (kO3) (< 0.1 – 27 

7.9×103 M-1s-1) or with hydroxyl radicals (k•OH) (0.9×109 – 6.5×109 M-1s-1), photon fluence-28 

based rate constants (kʹ) (210 – 2730 m2 einstein-1), and quantum yields (Φ) (0.03 – 0.95 mol 29 

einstein-1). During ozonation of CBDs in a natural groundwater, appreciable abatements (>50% 30 

at specific ozone doses of 0.5 gO3/gDOC to ~100% at ≥ 1.0 gO3/gDOC) were achieved for 31 

tetra-CBDs followed by (Z)-1,1,2,3,4-penta-CBD and hexa-CBD. This is consistent with the 32 

magnitude of the determined kO3 and k•OH. The formation of bromate, a potentially carcino-33 

genic ozonation by-product, could be significantly reduced by addition of H2O2. For a typical 34 

UV disinfection dose (400 J/m2), various extents of phototransformations (10-90%) could be 35 

achieved. However, the efficient formation of photoisomers from CBDs with E/Z configura-36 

tion must be taken into account because of their potential residual toxicity. Under UV-37 

C(254nm) photolysis conditions, no significant effect of H2O2 addition on CBDs abatement 38 

was observed due to an efficient direct phototransformation of CBDs. 39 

 40 

 41 

KEYWORDS chlorobutadienes, groundwater, ozonation, UV photolysis, hydrogen peroxide, 42 

second-order rate constants, photon fluence-based rate constants, quantum yield, quantum 43 

chemical calculation, photoisomerization 44 
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Introduction 46 

Poly-chloro-1,3-butadiene (CBD) congeners (i.e., tetra-, penta-, hexa-CBD) have been de-47 

tected over the last four decades in river water,1–5 groundwater,6–8 and wastewater4,9 world-48 

wide in the concentration range of tens of ng/L to a few µg/L. Among CBDs, hexa-chloro-49 

1,3-butadiene (HCBD) has various industrial applications such as an intermediate in manu-50 

facturing rubber compounds, as a solvent, as a fumigant, etc.10 Moreover, HCBD is inadvert-51 

ently produced as a by-product from the manufacturing of chlorinated hydrocarbons such as 52 

trichloroethene (TCE) and tetrachloroethene (PCE).10 Due to the potential hazardous impacts 53 

on humans and aquatic organisms,10–12 HCBD has been subject to environmental guidelines 54 

worldwide: 0.6 µg/L for drinking water by World Health Organization11 and an environmen-55 

tal quality standard value of 0.1 µg/L for inland surface water by the European Commission 56 

have been set.13–15 In contrast, little attention was drawn to other CBDs such as pentachloro-57 

1,3-butadienes (PCBDs) and tetrachloro-1,3-butadienes (TCBDs).1,6–8 Such CBDs are known 58 

to be formed from reductive microbial dechlorination of HCBD under anaerobic 59 

conditions.16,17 Dechlorinated products are not necessarily less harmful, e.g., vinyl chloride, 60 

which is carcinogenic,18 is produced from the reductive dechlorination of PCE and TCE.19 61 

Therefore, the ecotoxicological impact of other CBDs than HCBD should not be overlooked. 62 

A positive clastogenic activity was recently reported for 3 TCBDs and 2 PCBDs and a target 63 

value of 75 ng/L as the sum of TCBDs and PCBDs was proposed for drinking water using the 64 

threshold of toxicological concern (TTC) concept.8 65 

Physical treatment technologies such as activated carbon and air stripping are commonly ap-66 

plied for eliminating highly chlorinated butadienes due to high hydrophobicity and volatility 67 

(e.g., logKow=4.7820 and Henry’s Law Constant = 15.3×10-3 atm m3/mol at 25°C21 for 68 

HCBD). Alternatively, other treatment techniques such as ozonation, UV photolysis, or their 69 
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combination with H2O2, i.e., O3/H2O2 or UV/H2O2, also known as advanced oxidation pro-70 

cesses (AOPs), can be potentially considered. AOPs are chemical treatment processes in 71 

which hydroxyl radicals (•OH) are produced in situ.22 However, the current lack of infor-72 

mation on key parameters for such treatment options hampers the assessment of the abate-73 

ment efficiency for CBDs, namely, second-order rate constants for the reaction of CBDs with 74 

ozone (kO3) or hydroxyl radicals (k•OH) for ozonation, O3/H2O2, and UV/H2O2
23,24 and a pho-75 

ton fluence-based pseudo first-order rate constant (k') for UV-based processes such as UV 76 

photolysis or UV/H2O2,
25,26 respectively. 77 

In the present study, kO3, k•OH, and k' for UV photolysis at 254 nm were experimentally de-78 

termined for 9 CBDs, i.e., 6 TCBD isomers (1,1,2,3-, (E)-1,1,2,4-, (Z)-1,1,3,4-, (E)-1,1,3,4-, 79 

1,1,4,4-, and (Z,Z)-1,2,3,4-), 2 PCBD isomers ((Z)-1,1,2,3,4- and 1,1,2,4,4-), and HCBD 80 

(Figure 1). Moreover, a previously developed quantum chemical model27 was applied to pre-81 

dict kO3-values for 9 CBDs, which were then compared to the experimental kO3-values. Final-82 

ly, the treatment efficacy for the selected CBDs by ozonation, direct UV photolysis, and the 83 

AOPs O3/H2O2 and UV/H2O2 was evaluated in a natural groundwater matrix. For ozonation 84 

and O3/H2O2, the abatement of other common micropollutants and bromate formation was 85 

also evaluated. 86 

 87 

Materials and methods 88 

Standards and reagents 89 

All chemicals used are summarized in Text S1 in the Supporting Information.  90 

Analytical methods 91 
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9 CBDs, p-chlorobenzoic acid (pCBA), atrazine, 5 micropollutants (benzotriazole, carbamaz-92 

epine, diatrizoate, iopamidol, and tramadol), bromate, ozone, and H2O2 were quantified using 93 

appropriate analytical methods (Text S2). 94 

Determination of second-order rate constants for the reactions of CBDs with ozone (kO3) 95 

and hydroxyl radicals (k•OH)  96 

kO3 for CBDs was determined by simultaneously measuring the abatement of CBDs and the 97 

ozone decay using Eq. S1 in Text S3. Determination of k•OH for CBDs was performed by 98 

competition kinetics (Eqs. S2-S4) using pCBA as a competitor. •OH were produced by pho-99 

tolysis of H2O2. More details about analytical instruments and experimental procedures are 100 

provided in Text S3.  101 

Determination of photon fluence-based first-order rate constants (k'), molar absorption 102 

coefficients (ε), and quantum yields (Ф) for phototransformation of CBDs at UV 254 nm 103 

k' (m2 einstein-1) for 9 CBDs for UV irradiation at 254 nm were determined according to Eq. 104 

1. 105 

kʹ	=
kCBD,254nm

Ep
0 = 

2.303ΦATZ,254nmεATZ,254nmkCBD,254nm

kATZ,254nm
  (1) 106 

kCBD,254nm and kATZ,254nm (s-1) are a time-based pseudo first-order rate constant (s-1) for the 107 

phototransformation of a CBD and atrazine at 254 nm, respectively, Ep
0 is a photon fluence 108 

rate (einstein m-2 s-1) derived based on actinometry using atrazine (ATZ),26 and εATZ,254nm and 109 

ΦATZ,254nm are 386 m2 mol-1 and 0.046 mol einstein-1 for atrazine at 254nm, respectively.26 110 

Direct UV photolysis to obtain kCBD,254nm was measured using the same photoreactor used for 111 

the k•OH determination (Text S3), but employing a low pressure (LP) mercury lamp (model 112 

TNN 15/32, Heraus Noblelight, Hanau, Germany) emitting monochromatic UV light at 254 113 
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nm and a quartz cooling jacket. Sample solutions containing individual CBDs (1.0−3.5 µM, 114 

pH 7, 5mM phosphate buffer) prepared in quartz tubes were subject to UV irradiation. 5 µM 115 

of an atrazine solution at pH 7 (5 mM phosphate buffer) separately prepared was irradiated 116 

simultaneously to obtain the corresponding kATZ,254nm. εCBD,254nm for the 9 CBDs were deter-117 

mined based on the Beer-Lambert law by monitoring the absorbance at 254 nm using a quartz 118 

cuvette (l = 10 cm) for various concentrations of CBDs (0.3 - 6 µM). ΦCBD, 254nm was calcu-119 

lated according to Eq. 2.25
  120 

ФCBD, 254nm=k'/(2.303εCBD, 254nm) (2) 121 

Ozonation, direct UV photolysis (254nm), and advanced oxidation processes of the se-122 

lected CBDs and micropollutants in a natural groundwater 123 

A natural groundwater was sampled from the Hardwald site (Latitude 47°32′ N and Longi-124 

tude 7°37′ E) in Switzerland (pH = 7.95 – 8.05, DOC = 0.5 mgC/L, alkalinity as HCO3
- = 125 

2.84 mM, and bromide = 48 µg/L). For ozonation, the groundwater was spiked with a mix-126 

ture of the selected CBDs ((E)-1,1,2,4-, (E)-1,1,3,4-, (Z)-1,1,3,4-, 1,1,4,4-, and (Z,Z)-1,2,3,4-127 

TCBDs, (Z)-1,1,2,3,4-PCBD, and HCBD, 5 - 9 µg/L) and 5 micropollutants (benzotriazole, 128 

carbamazepine, diatrizoate, iopamidol, tramadol, 2 µg/L each). Varying ozone doses (0.25, 129 

0.5, 1, 2, and 4 mg/L) were investigated in the absence and presence of H2O2 with ratios 130 

O3:H2O2 (w/w) of 0.5, 1, and 2. UV photolysis for the selected CBDs was carried out in the 131 

absence and presence of H2O2 (0, 2.5, and 5.0 mg/L) up to a UV dose of 8600 J/m2. Light 132 

screening by groundwater matrix components, estimated as a light attenuation factor as de-133 

scribed elsewhere,28 was negligible (<2%). Therefore, no light screening correction for the 134 

UV dose was applied.  135 

Quantum chemical computations for the prediction of kO3 of CBDs 136 
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Quantum chemical computations were conducted using Gaussian 09 (Revision C.01).29 Ab 137 

initio Hartree-Fock (HF) and the Density Functional Theory (DFT)-B3LYP method with the 138 

6-311++G** basis set were used. The integral equation formalism polarizable continuum 139 

model (IEF-PCM)30 was used for all the computations to account for the solvent effect apply-140 

ing a dielectric constant of 78.3 for water. Natural bond orbital (NBO) analyses were con-141 

ducted using the NBO 3.1 program31 to obtain a NBO energy (ENBO, C-C(π)) corresponding to 142 

the π orbital of a C-C double bond of the CBDs. More details about the model development 143 

and the application procedure are given elsewhere.27 144 

Kinetic modeling 145 

Kinetic simulations using Kintecus 5.0032 were performed to derive the respective k' for pho-146 

toisomerization and other phototransformation processes of (Z)- and (E)-1,1,3,4-TCBDs in a 147 

mixture (Text S5) and to derive a simulated abatement of CBDs based on derived k'-values 148 

(Table 2). 149 

 150 

Results and discussion 151 

Kinetics of the reactions of CBDs with ozone (kO3,exp) 152 

The experimentally determined kO3 (kO3,exp) are shown in Table 1. kO3,exp-values for the 9 153 

CBDs ranged over more than 4 orders of magnitude: TCBDs (1.6×102
−7.8×103 M-1s-1), 154 

PCBDs (1−10 M-1s-1), and HCBD (< 0.1 M-1s-1). Note that (E)- and (Z)-1,1,3,4-TCBD was 155 

ozonated as a mixture as received from the supplier. Nonetheless, the obtained kO3,exp-values 156 

are considered to be valid because the ozone concentration is in excess (>15 fold) to 1,1,3,4-157 

TCBDs ensuring that each isomer degrades independently of the other isomer. kO3,exp for 158 
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HCBD could not be determined because no appreciable degradation was observed under the 159 

experimental conditions. Thus, kO3,exp for HCBD was estimated to be < 0.1 M-1s-1 which is 160 

the reported  kO3,exp range for PCE.33 161 

Overall, with increasing chlorine substituents on CBDs from four to six, the kO3,exp-values 162 

decrease. This suggests the electron-withdrawing effect of chlorine substituents on kO3,exp for 163 

CBDs is additive, which is in agreement with previous observations for chlorinated ethenes.34 164 

The range of kO3,exp for TCBD and PCBD is similar to the range of kO3,exp for dichloroethenes 165 

(DCEs) (1.1×102
−7.9×103 M-1s-1)34 and TCE (14 M-1s-1),34 respectively. 166 

Differences in kO3,exp-values were noticeable between isomers with the same number of chlo-167 

rine substituents: ~10-fold or ~50-fold for the two PCBD isomers or the six TCBDs isomers, 168 

respectively. This indicates that differing positions of the chlorine substituents influence elec-169 

tronic interactions of CBDs with ozone. Although this variation is not well understood, the 170 

cis effect may explain the specific observation that kO3,exp for cis- or (Z)-1,1,3,4-TCBD was 171 

lower than kO3,exp for trans- or (E)-1,1,3,4-TCBD by a factor of ~2.4. The cis effect is a phe-172 

nomenon that the cis-isomer is more stable compared to the trans-isomer for 1,2-173 

difluoroethene and 1,2-DCE35–37 and was also observed in kO3 for 1,2-DCE: kO3 for (Z)-1,2-174 

DCE (5.4×102 M-1s-1) is ten times lower than kO3 for (E)-1,2-DCE (6.5×103 M-1s-1).34 175 

Prediction of rate constants for the reactions of CBDs with ozone (kO3,pred) 176 

kO3-values for CBDs were predicted by taking into account (non)-planar CBD conformers 177 

using the previously developed quantum chemical model for olefins (Table 1).27 Detailed 178 

procedures and discussion for deriving a predicted kO3 are presented in Text S4. A kO3 predic-179 

tion procedure is briefly demonstrated for (E)-1,1,2,4-TCBD in Figure 2 where two conform-180 

ers corresponding to minima in the potential energy curve (PEC) were found: The first con-181 
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former has a dihedral angle (i.e., the angle between the planes comprising the atoms C1-C2-C3 182 

and C2-C3-C4 in Figure 2, respectively) of 0° and the other 116° (Text S4 for more details). 183 

The planar s-trans global minimum conformer (φ=0°) of (E)-1,1,2,4-TCBD reads -11.50 eV 184 

and -12.77 eV of ENBO, C-C(π) (open circles) for the two C=C bonds, respectively. Based on a 185 

linear regression equation (log kO3 = 1.32×ENBO, C-C(π) +18.54 for the HF/6-311++G** meth-186 

od),27 kO3, global(C1=C2) = 48 M-1s-1 and kO3, global(C3=C4) = 2265 M-1s-1 were obtained, respectively, 187 

resulting in 2314 M-1s-1 for a species-specific second-order rate constant (kO3, global) for the 188 

global conformer based on Eq. S5. As expected, the C=C bond with a higher chlorine substi-189 

tution had a lower kO3. In the same manner, kO3, local of 1378 M-1s-1 was obtained for the 190 

gauche local minimum conformer (φ=116°). Applying Eq. S6 with kO3-values for global and 191 

local conformers and their relative populations (pi in Table S3), kO3,pred for (E)-1,1,2,4-CBD 192 

was predicted to be 2.3×103 M-1s-1 with a prediction error of a factor of ~ 3 from kO3, exp = 193 

7.8×103 M-1s-1. 194 

Similarly, kO3,pred-values were obtained for all 9 CBDs applying both, the HF and the B3LYP 195 

methods (Table 1). kO3 values could be predicted within about a factor of 4 of the experi-196 

mental kO3 for the TCBDs (Figure S6), which is comparable to the performance of the applied 197 

prediction model for olefins (on average a factor of 3.4)27. In contrast, an overestimation of 198 

predicted kO3 values occurred for the two PCBDs and HCBD by more than an order of mag-199 

nitude. This may be caused by steric hindrances by chlorine substituents for the orbital inter-200 

action between ozone and PCBD/HCBD, which are not taken into account in ENBO, C-C(π) cal-201 

culations. Alternatively, the C=C bond is so electron-poor that the formation of a cyclic ozo-202 

nide24,34 is no longer dominant. Therefore, the reactivity of PCBDs and HCBD with ozone 203 

cannot be interpreted by only ENBO, C-C(π). 204 
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For CBDs with multiple conformers (Table S3), kO3,pred-values in Table 1 derived by consid-205 

ering both global and local minimum conformers (i.e., kO3,global, kO3,local, and their relative 206 

populations) based on Eq. S6 are almost the same as kO3,global in Table S4. This suggests that 207 

the contribution of a local minimum conformer (i.e., kO3,local) to kO3,pred is insignificant, which 208 

is understood by the predominant population of a global minimum (Table S3). Moreover, the 209 

difference between kO3,global and kO3,local is less than a factor of 2 except for 1,1,4,4-TCBD (~3 210 

and ~4 folds for HF and B3LYP method, respectively). Therefore, it seems that kO3,global can 211 

be used as a good approximation. However, it should be noted that this does not justify the 212 

general representability of kO3,global for other compounds. 213 

Kinetics for the reaction of CBDs with hydroxyl radical (k•OH) 214 

Experimenatally determined k•OH-values for 9 CBDs are presented in Table 1. The deter-215 

mined k•OH-values are higher than 5×109 M-1s-1 for all TCBDs except 1,1,2,3-TCBD (3.4×109 216 

M-1s-1). A lower reactivity with •OH was observed for the 2 PCBDs (2.1×109 M-1s-1 and 217 

3.9×109 M-1s-1), followed by the lowest reactivity for HCBD (0.9×109 M-1s-1). Overall, a 218 

higher chlorine substitution of CBD leads to a lower reactivity with •OH. Decreased k•OH with 219 

increasing chlorine substitution was also observed for chlorinated ethenes: 3.8×109 M-1s-1, 220 

2.8×109 M-1s-1, and 2.0×109 M-1s-1 for cis-1,2-DCE, TCE, and PCE, respectively.38
  221 

Determination of fluence-based first-order rate constants (k'), molar absorption coeffi-222 

cients (ε), and quantum yields (Φ)  223 

Fluence-based first-order rate constants (k') and photoisomerization processes. The deter-224 

mined k'-values based on Eq. 1 ranged from 210±30 m2 einstein-1 for 1,1,4,4-TCBD to 225 

2730±440 m2 einstein-1 for (Z,Z)-1,2,3,4-TCBD, respectively. Two k'-values were reported 226 
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for (E)-1,1,3,4- and (Z)-1,1,3,4-TCBDs for separate photoisomerization and other phototrans-227 

formation processes (see below). 228 

A noticeable formation of photo-products was detected by GC/MS analyses for (E)-1,1,2,4-, 229 

(Z)- and (E)-1,1,3,4- as a mixture, (Z,Z)-1,2,3,4-TCBD and (Z)-1,1,2,3,4-PCBD (Figures 3 230 

and S7). Because of their identical mass fragmentation patterns to those of the parent com-231 

pounds (Figure S7), these products are considered to be the isomers of the parent CBDs, and 232 

are termed as photoisomers hereafter. No other confirmative examinations of their molecular 233 

structure than the mass fragmentation were used. 234 

Only relative responses of the photoisomers are presented in Figure 3 for (E)-1,1,2,4- and 235 

(Z,Z)-1,2,3,4-TCBD and (Z)-1,1,2,3,4-PCBD because there were no commercially available 236 

standards. The relative response was calculated as the peak area of the parent CBD or its pho-237 

toisomers divided by the initial peak area of the parent CBD (all peak areas corrected by 238 

normalization to the internal standard). Thus, the relative response should not be interpreted 239 

as a concentration but only as semi-quantitative information.  240 

Photoisomerization of less than 40% relative to the parent CBD based on the relative re-241 

sponse were observed for (E)-1,1,2,4-TCBD (Figure 3a) and (Z)-1,1,2,3,4-PCBD (Figure 3d), 242 

whereas a significant conversion of up to 85% was observed for (Z,Z)-1,2,3,4-TCBD (Figure 243 

3b). For UV irradiation (254 nm) of the mixture of (E)- and (Z)-1,1,3,4-TCBD (Figure 3c), a 244 

slight increase in concentration was observed for (E)-1,1,3,4-TCBD up to a UV photon flu-245 

ence of 1 meinstein m-2, while a significant degradation (>50%) of (Z)-1,1,3,4-TCBD oc-246 

curred for the same UV dose. This indicates that a photoisomerization of the (Z)-1,1,3,4- to 247 

the (E)-1,1,3,4-TCBD occurs. 248 
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As rotation about a double bond is allowed in excited electronic states of organic compounds, 249 

all the CBDs with a Z or E configuration can undergo photoisomerization. Depending on the 250 

substitution pattern of the chlorine atoms, Z and E configuration pairs or (Z,Z), (E,Z) and (E,E) 251 

configuration triads are possible for photoisomerizable CBDs. Once formed, a photoisomer in 252 

the absence of UV light (e.g., after UV treatment) would not revert to the parent CBD be-253 

cause of a high energy barrier for the internal rotation of a C-C double bond. 254 

In the case of (Z,Z)-1,2,3,4-TCBD, photoisomerization is proposed to occur following 255 

Scheme 1, which accounts for the formation of the two observed photoisomers (see Figure 256 

3b). Thereby, the peaks with a higher relative response (photoisomer-1 in Figures 3b and S7) 257 

and a lower relative response (photoisomer-2) were assigned to be the (Z,E)-photoisomer and 258 

the (E,E)-photoisomer, respectively, assuming a stepwise conversions (Scheme 1). 259 

For (E)-1,1,2,4-TCBD two photoisomers were detected (Figure 3a and S7), although only one 260 

photoisomer is predicted for an E-Z photoisomerization reaction. The additional photoisomer 261 

could be the result of a photocyclization reaction. Indeed, the formation of cyclobutene and 262 

cyclopropene isomers has been shown to occur upon direct UV irradiation of 1,3-dienes.39,40 263 

Only one photoisomer was observed for (Z)-1,1,2,3,4-PCBD, which was assigned to its E 264 

configuration.  265 

kCBD,254nm in Eq. 1 determined for photo-isomerizable CBDs takes into account both pho-266 

toisomerization and other phototransformations. This propagates into Φ254nm and k' reported 267 

in Table 2 as those are determined based on kCBD,254nm. Only for two 1,1,3,4-TCBD isomers, 268 

both photochemical processes could be differentiated by kinetic simulations because stand-269 

ards were available (see Text S5 and Figure S8 for more details), yielding the individual 270 

Φ254nm- and k'-values in Table 2. 271 
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Molar absorption coefficients (ε). The determined ε254nm for the 9 selected CBDs are summa-272 

rized in Table 2. The ε254nm-values for 1,1,2,3-TCBD, 1,1,2,4,4-PCBD, and HCBD are in the 273 

order of 102 m2 mol-1, whereas they are in the order of 103 m2 mol-1 for (E)-1,1,2,4-, 1,1,4,4-, 274 

and (Z,Z)-1,2,3,4-TCBD and (Z)-1,1,2,3,4-PCBD (Table 2 and Figure S5). Note that since 275 

there were no separate standards available for the individual isomers, an average ε254nm was 276 

determined for the isomer mixture of (E)-1,1,3,4- and (Z)-1,1,3,4-TCBDs. 277 

Quantum yields (Φ). The determined Φ254nm values based on Eq. 2 are presented in Table 2. 278 

They vary between 0.03 and 0.95, where the highest and the lowest Φ254nm were determined 279 

for HCBD and 1,1,4,4-TCBD, respectively. Note that Φ254nm for (E)-1,1,3,4- and (Z)-1,1,3,4-280 

TCBD were determined using an average ε254nm of their isomer mixture. 281 

Abatement of CBDs and micropollutants and bromate formation in a natural ground-282 

water during ozonation, direct UV photolysis, and the AOPs O3/H2O2 and UV/H2O2 283 

Ozonation and O3/H2O2. Figure 4 shows the abatement of 7 selected CBDs and 3 micropollu-284 

tants as well as the bromate formation during ozonation and the AOP O3/H2O2 in Hardwald 285 

groundwater. For 0.5 mg O3/L, >95% abatement (based on the calibration range) was ob-286 

served for all TCBDs, whereas 47% and 16% abatement was obtained for (Z)-1,1,2,3,4-287 

PCBD and HCBD, respectively. A gradual increase in degradation was observed for (Z)-288 

1,1,2,3,4-PCBD by increasing the ozone dose to 4.0 mgO3/L achieving >95% abatement, 289 

while an abatement of up to 40% was observed for HCBD.  290 

The abatement of micropollutants was also investigated not only to compare them with the 291 

abatement of CBDs based on their known kinetic parameters (i.e., kO3 and k•OH) but also to 292 

highlight the additional benefits in terms of general oxidative abatement of aqueous contami-293 

nants during ozonation. Among the 5 micropollutants investigated, carbamazepine and tra-294 
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madol are not presented in Figure 4 because a complete abatement was always observed due 295 

to high kO3-values of 3×105 M-1s-1  41 for carbamazepine and 3.8×104 M-1s-1  42 for tramadol at 296 

pH 8.0, respectively. Benzotriazole shows similar degradation efficiencies as TCBDs, which 297 

can be explained by the similar kO3-values (~1.0×103 M-1s-1 at pH 8.0 for benzotriazole24). 298 

The degradation of iopamidol is comparable to (Z)-1,1,2,3,4-PCBD, which is consistent with 299 

rather similar kO3 and k•OH (kO3 = <0.8 M-1s-1 43 and k•OH = 3.34×109 M-1s-1  44 for iopamidol 300 

and kO3 = 1.0 M-1s-1 and k•OH = 2.2×109 M-1s-1 for (Z)-1,1,2,3,4-PCBD, this study). A higher 301 

abatement efficiency was observed for diatrizoate compared to HCBD. While two k•OH-302 

values are reported for diatrizoate, namely, 0.5×109 M-1s-1 45 and 0.9×109 M-1s-1 44, 0.9×109 303 

M-1s-1 was determined for HCBD in this study (Table 1). 304 

Overall H2O2 addition led to a lower abatement efficiencies of the investigated compounds 305 

(Figure 4). For ozone-reactive TCBDs and benzotriazole, it may be due to a decreased ozone 306 

exposure by a fast transformation of ozone to •OH by hydrogen peroxide (mainly by HO2
-).24 307 

For ozone-resistant PCBD, HCBD, iopamidol, and diatrizoate, it may be due to an increased  308 

•OH scavenging rate by added hydrogen peroxide (both H2O2 and HO2
-) (e.g., about 8% in-309 

crease of •OH scavenging rate (s-1) was estimated for H2O2/O3 = 2.0 (w/w) and O3 = 2.0 310 

mg/L). 311 

Bromate formation dramatically increased with increasing ozone doses from 1.3 µg/L for 312 

0.25 mgO3/L to 56 – 66 µg/L for the higher ozone doses (1.0 - 4.0 mgO3/L) (Figure 4), which 313 

corresponds to 31-37% molar conversion from bromide. Upon H2O2 addition up to 1.0 314 

mgO3/L, the bromate formation was significantly reduced to below 10 µg/L, the drinking 315 

water standard in Switzerland,46 EU,47 and USA.48 The bromate concentrations remained 316 

above 10 µg/L for the higher ozone doses except for 2.0 mgO3/L with H2O2/O3=2.0 (w/w). 317 
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The reduced bromate formation is attributable to the decreased ozone exposure caused by 318 

H2O2 addition, as explained above for TCBDs and benzotriazole. 319 

Direct UV photolysis and UV/H2O2. Direct UV photolysis for the 7 selected CBDs was com-320 

pared with a simulated degradation based on the k'-values in Table 2 (Figure 5). Overall, the 321 

model could predict the % abatement up to 50 % relatively well for all CBDs (red lines in 322 

Figure 5). For further degradation, relatively good predictions were observed for (E)-1,1,3,4- 323 

and 1,1,4,4-TCBD and HCBD. In contrast, poor predictions were obtained for (E)-1,1,2,4-, 324 

(Z)-1,1,3,4, and (Z,Z)-1,2,3,4-TCBD and (Z)-1,1,2,3,4-PCBD, which is due to an appearance 325 

of a plateau without further degradation. Interestingly, the CBDs with a poor prediction coin-326 

cided with photo-isomerizable compounds except for (E)-1,1,3,4-TCBD. The concentration 327 

even slightly increased for (Z,Z)-1,2,3,4-TCBD. Concurrently with the appearance of a plat-328 

eau, the enhanced formation of photoisomers was observed in a groundwater compared to a 329 

buffered purified water. For example, the maximum relative response of the photoisomer-1 of 330 

(Z,Z)-1,2,3,4-TCBD was ~0.9 and ~1.6 in a buffered purified water (Figure 3a) and a 331 

groundwater (Figure 5), respectively. This phenomenon might be related to interactions be-332 

tween CBDs and the dissolved organic matter (DOM) present in groundwater. On the one 333 

hand, excited triplet states of the DOM, which are formed upon UV irradiation of DOM,49 334 

have been shown to induce photoisomerization of conjugated dienes by triplet-triplet energy 335 

transfer.50 However, this effect is expected to be minor because of the high rates of direct 336 

photoisomerization at 254 nm. On the other hand, hydrophobic CBDs are expected to sorb to 337 

DOM, thus forming supramolecular assemblies. This might have complex consequences for 338 

the photoisomerization of CBDs including enhanced photoisomerization rates due to energy 339 

transfer from excited singlet or triplet DOM to the CBDs, reduced photoisomerization rates 340 
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due to hindered internal rotation, and/or additional deactivation processes such as energy 341 

transfer from excited CBDs to DOM. 342 

Although some enhancements (~10%) and inhibitions (~15%) were seemingly observed for 343 

(E)-1,1,3,4- and 1,1,4,4-TCBDs and (Z)-1,1,2,3,4-PCBD and HCBD (Figure 5), respectively, 344 

no significant effect on the degradation of the investigated CBDs seemed to manifest upon 345 

H2O2 addition. This may be mainly due to the efficient UV phototransformation of CBDs. 346 

For non-photoisomerizable CBDs such as 1,1,4,4-TCBD and HCBD, the matrix effect of the 347 

groundwater seems to play a minor role because their degradation could be well predicted 348 

using direct UV photolysis parameters determined in purified water. 349 

Practical implications  350 

During ozonation 50-100% of the TCBDs were abated at ozone doses of 0.25-1.0 mgO3/L. 351 

The abatement efficiencies were smaller for PCBD and HCBD. Overall abatement efficien-352 

cies were consistent between CBDs and other selected micropollutants when evaluated based 353 

on the corresponding experimental kO3 and k•OH determined in this study. With kO3 and k•OH, 354 

the abatement efficiency of CBDs can be estimated by characterizing the evolution of both 355 

ozone and •OH (i.e., oxidant exposures) for a specific ozone dose in a water sample of inter-356 

est.51 kO3 predictions for TCBDs by quantum chemical models can be an alternative to an 357 

empirical kO3 determination. H2O2 addition is advantageous for minimizing the bromate for-358 

mation during ozonation, however, it may lead to a decreased abatement of CBDs or mi-359 

cropollutants. Therefore, the ozone and H2O2 doses have to be carefully optimized to maxim-360 

ize pollutant abatement and to minimize bromate formation. For a typical UV dose for disin-361 

fection (400 J/m2), various degrees of phototransformation could be achieved for the investi-362 

gated CBDs from 10 % for 1,1,4,4-TCBD to 90% for (Z,Z)-1,2,3,4-TCBD. However, pho-363 

toisomers can be formed from CBDs with E/Z configuration. As the photoisomers are ex-364 
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pected to possess physico-chemical properties and toxicological effects similar to the parent 365 

CBDs based on the analogous chemical compositions, associated effects must be taken into 366 

account for assessing the benefits/potential drawbacks of this treatment process. The benefi-367 

cial effect of H2O2 addtion on the UV-induced abatement of CBDs in the tested groundwater 368 

was observed to be minor (<10%).  369 
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Table 1. Experimental kO3 (kO3,exp) and predicted kO3 (kO3,pred) and experimental k•OH for the reactions of 380 

CBDs with ozone or hydroxyl radicals. 381 

Compound kO3,exp
a

 (N
b) 

kO3,pred
c 

k•OH
a(Nb), ×109 M-1s-1 

HF/6-311++G** B3LYP/6-311++G** 

1,1,2,3-TCBD (3.0±0.6)×102 (4) 1.4×103 1.6×103 3.4±0.5 (4) 

(E)-1,1,2,4-TCBD (7.8±1.0)×103 (4) 2.2×103 2.5×103 6.0±1.6 (6) 

(E)-1,1,3,4-TCBD (1.1±0.2)×103 (3) 3.4×102 5.0×102 5.3±1.8 (3) 

(Z)-1,1,3,4-TCBD (4.0±2.4)×102 (3) 3.6×102 5.7×102 5.7±3.2 (3) 

1,1,4,4-TCBD (2.7±0.4)×102 (3) 6.9×102 1.0×103 5.4±0.8 (5) 

(Z,Z)-1,2,3,4-TCBD (1.6±0.3)×102 (3) 4.2×102 6.0×102 7.1±1.5 (6) 

(Z)-1,1,2,3,4-PCBD 0.8±0.3 (4) 1.5×102 2.4×102 2.1±0.8 (3) 

1,1,2,4,4-PCBD 10.0±2.3 (5) 1.5×102 1.8×102 3.9±0.9 (5) 

HCBD < 0.1 25 47 0.9±0.7 (3) 
aExperimental k-values (M-1s-1) for ozone and hydroxyl radicals given as a mean value (±95% confidence inter-382 

val determined by the Student’s t test), bNumber of replicates, cPredicted kO3-value (M-1s-1) derived from Eq. S6 383 

in SI. The experimental data used to determine kO3 and k•OH are presented in Figures S2 and S3. 384 

  385 
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Table 2. ε254nm, Φ254nm, and k' determined for the 9 selected CBDsa
 386 

Compound ε254nm
a, m2 mol-1 Φ254nm

b, mol einstein-1 k' a, m2 einstein-1 
1,1,2,3-TCBD 620±80 0.22±0.04 310±40 

(E)-1,1,2,4-TCBD 2490±140 0.14±0.04 820±370 
(E)-1,1,3,4-TCBD  

1580±140c 
0.05±0.03d, 0.07±0.04e 200±110d, 270±150e 

(Z)-1,1,3,4-TCBD 0.13±0.11d, 0.27±0.06e 1000±180d, 460±400e 
1,1,4,4-TCBD 3210±100 0.03±0.004 210±30 

(Z,Z)-1,2,3,4-TCBD 1620±140 0.73±0.13 2730±440 
(Z)-1,1,2,3,4-PCBD 1110±470 0.32±0.26 810±560 

1,1,2,4,4-PCBD 540±60 0.37±0.09 460±110 
HCBD 230±60 0.95±0.28 510±110 

a95% confidence intervals determined by the student’s t test are given for all the reported values. bUncertainties 387 

estimated based on the error propagation through the multiplication of uncertainties in kʹ and ε254nm for the re-388 

spective CBDs. cAverage ε254nm for the isomer mixture of (E)-1,1,3,4-TCBD (43%) and (Z)-1,1,3,4-TCBD 389 

(57%), dfor photoisomerization, efor other phototransformations. The number of replicates for determination of 390 

k' for CBDs is 3 except for (E)-1,1,2,4- and (Z,Z)-1,2,3,4-TCBD for which the number is 4. 391 

 392 

393 
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 394 

Scheme 1 Proposed photoisomerization of (Z,Z)-1,2,3,4-TCBD to (Z,E)-1,2,3,4-TCBD and (E,E)-395 

1,2,3,4-TCBD. 396 

  397 
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 398 

Figure 1. Chemical structures of the selected 9 tetra-, penta-, and hexa-chlorobutadienes (TCBD, 399 

PCBD, and HCBD, respectively) investigated in this study. 400 

  401 
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 402 

 403 

Figure 2. Profiles of the difference of a total electronic energy (blue solid line) (∆E) of the (E)-1,1,2,4-404 

TCBD conformers and the lowest energy of the (E)-1,1,2,4-TCBD conformer and the corresponding 405 

natural bond orbital energy (ENBO, C-C(π)) (red dash-dot line and red dashed line for the C1-C2 and C3-C4 406 

double bonds, respectively) of the π orbital of a C-C double bond of TCBD conformers as a function 407 

of the dihedral angle comprising the atoms C1-C2-C3-C4. All the energies were obtained at the HF/6-408 

311++G** level. 409 

  410 
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 411 

Figure 3. Evolution of (a) (E)-1,1,2,4-TCBD, (b) (Z,Z)-1,2,3,4-TCBD, (c) (E)-1,1,3,4- and (Z)-1,1,3,4-412 

TCBD, and (d) (Z)-1,1,2,3,4-PCBD and their photoisomers as a function of the photon fluence (mein-413 

stein m-2). aA relative response is the peak area of the parent CBDs or its photoisomers dividied by the 414 

initial peak area of the parent CBD. All peak areas are normalized by the internal standard. Note that 415 

the curves, which were obtained by fitting the data, are shown only to guide the eye. 416 
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 418 

 419 

 420 
Figure 4. Abatement of CBDs and micropollutants and bromate formation during ozonation of Hard-421 

wald groundwater in the absence/presence of H2O2. pH = 7.95 – 8.05, temperature = 25°C, and bro-422 

mide concentration = 48 µg/L. Note that the data for CBDs at 0.25 mgO3/L without H2O2 are not pre-423 

sented because the sample was lost during analysis. The calibration limit was defined based on the 424 

lowest calibration concentration of an analyte. 425 

  426 
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 427 
Figure 5. Abatement of CBDs during UV irradiation in absence/presence of H2O2 in Hardwald 428 

groundwater. A relative response is the peak area of the parent CBDs or its photoisomers divided by 429 

the initial peak area of the parent CBD. All peak areas are normalized by the internal standard. UV 430 

dose (J/m2) was calculated by the equation: UV dose=Ep
0×irradiation time (seconds)×U, where U = 431 

4.72×105 J einstein-1 at 254nm. pH = 7.95 – 8.05 and temperature = 25°C. Note that the data for a UV 432 

dose of about 360 J/m2 for H2O2 = 5.0 mg/L are not presented because the sample was lost during 433 

analysis. 434 

 435 

 436 

  437 
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