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ABSTRACT

This study investigated 13C and 2H isotope fractionation associated with oxidation of

three  phthalate  esters  (PAEs)  by  radical  species,  including  sulfate  radical  (SO4
·−)

induced  by heat-activated  persulfate  (PS)  and  hydroxyl  radical  (HO·)  induced  by

UV/H2O2.  For persulfate oxidation at  pH = 2 and pH = 7,  similar  carbon isotope

fractionation (εC) but distinct hydrogen isotope enrichment factors (εH) were observed.

The UV/H2O2 reaction of three PAEs showed smaller εH values in comparison with

persulfate  oxidation.  The  correlation  of  2H  and  13C fractionation  (Λ)  allows  to

distinguish the persulfate oxidation (25.7±2.6) and UV/H2O2 oxidation (2.4±0.2) of

diethyl phthalate (DEP) highlighting the potential of compound-specific stable isotope

analysis (CSIA) to characterize chemical oxidation mechanism of PAEs. Moreover,

study of radical quenching and CSIA were combined to explore the dominant radical

species during persulfate oxidation of DEP. SO4
·− was found to be the predominant

radical at pH = 2. Both SO4
·− and HO· contributed to DEP degradation at pH = 7 and

HO· was estimated to have a contribution of 21-63% according to dual C-H isotope

fractionation values. Carbon and hydrogen apparent kinetic isotope effects (AKIEs)

(13C-AKIE =1.017, 2H-AKIE =2.41) obtained from dominating sulfate radical reaction

of  DEP both  supported  the  hypothesis  of  C-H  bond  cleavage.  Thus,  carbon  and

hydrogen  isotope  enrichment  factors  clearly  distinguish  the  different  reaction

mechanisms and hence, are a promising approach to improve understanding of radical

species reaction pathways for chemical oxidation of PAEs. 

Keywords: Compound-specific  stable  isotope  analysis;  Phthalate  esters;  Isotope

fractionation; Sulfate radical; Hydroxyl radical
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1. Introduction

Phthalate esters (PAEs) are widely used as plasticizers and additives in numerous

products, such as polyvinylchloride (PVC), cosmetics, medical devices, plastic toys

and detergents . Worldwide production of PAEs is more than 8 million tons per year .

PAEs are not linked by covalent bonds within the product matrix. Therefore, they can

be leached out from the matrix e.g. by organic solvents or by diffusion . Previous

studies   reported  contamination  of  PAEs  in  environmental  compartments  such  as

atmosphere (in and out door air, aerosols), water, sediment, soil, tissues and fluids of

wildlife and humans. Consequently, PAEs have caused increasing concerns due to the

potential  hepatotoxic,  teratogenic  and  carcinogenic  effects  .  Dimethyl  phthalate

(DMP),  diethyl  phthalate  (DEP)  and  dibutyl  phthalate  (DBP)  have  been  listed  as

priority pollutants  by US Environmental  Protection Agency (EPA) .  Several  other

environmental agencies from the European Union, China and Canada either classify

some commonly occurring PAEs as priority pollutants or limit their use in children’s

toys . Therefore, knowledge about the different degradation processes is needed for

efficient and economic removal of PAEs in the environment. 

In  situ  chemical  oxidation  (ISCO)  has  become a  promising  technique  for  the

removal of  organic contaminants in  soil,  groundwater  and aquifers making use of

radical oxidation reactions . Hydrogen peroxide (H2O2) and persulfate (PS) are widely

used  oxidants  in  ISCO  .  UV/H2O2 is  an  efficient  approach  to  produce  hydroxyl

radicals (HO·) and has been used to degrade organic compounds such as PAEs, BPA,

dyes, benzene and PAHs . Over the last few years, sulfate radicals (SO4
·−) generated

by PS or peroxymonosulfate (PMS) are considered as an alternative to HO· due to its

long lifetime and high redox potential . Heat-activation is a commonly used activation

method and it becomes attractive when combined with in situ thermal remediation . It

has  been reported that  SO4
·− is  able to  oxidize a  variety of  compounds,  including
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PAEs, BTEX, PCBs, PAHs etc. . Meanwhile it is well demonstrated that the formation

of SO4
·− and HO· is pH dependent in activated PS system . Radical quenching studies

are  mainly  used  to  distinguish  dominant  radical  species  according  to  different

reactivities to probe potential radicals and their reaction with compounds. However, it

is still not clear how to quantify the relative contribution of SO4
·− and HO·. Only few

studies calculated the relative contribution of SO4
·− and HO· to the oxidation reaction

based  on  different  transformation  yields  or  rate  constants  .  Hence,  it  would  be

important to explore other possible ways on radical contribution estimation in order to

investigate the complex interaction of radicals with PAEs and utilize the full potential

of ISCO processes.

Compound-specific  stable  isotope  analysis  (CSIA)  has  received  increasing

attention in monitoring the fate of organic contaminants based on isotope fractionation

concepts  .  CSIA has  been  successfully  applied  to  identify  sources,  assess  natural

attenuation of contaminants and investigate reaction mechanisms on both chemical

reaction and biodegradation in contaminant hydrology and organic (bio)-geochemistry

.  In  the  last  decades,  several  studies  showed the potential  of  multi-element  CSIA

(δ13C,  δ2H,  δ37Cl,  δ15N  etc.)  to  explore  different  transformation  processes  .  For

example, dual element stable isotope analysis of δ13C and δ2H was found sensitive to

analyze sites of C-H bond cleavage (ring vs side chain) during oxidation of substituted

benzenes . In previous studies, the application of CSIA on PAEs mainly focused on

the carbon isotope fractionation during photolysis and biodegradation . To our best

knowledge, studies on multi-element CSIA during PS oxidation and UV/H2O2 have

not yet been reported for PAEs. This knowledge is essential for the application of

stable isotope techniques to identify and quantify the removal of PAEs by advanced

oxidation processes in remediation applications. 

The main objectives of this study were (i) to investigate the potential of 13C and 2H
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isotope analysis  for  characterizing different  oxidation processes  (heat-activated  PS

oxidation and UV/H2O2) of three PAEs, (ii)  to estimate the role of SO4
·− and  HO·

during DEP oxidation and (iii) to explore apparent kinetic isotope effects (AKIEs) of

two  radicals’ reaction  with  DEP.  Isotope  enrichment  factors  of  εC and  εH for  all

reactions were determined. A combined method based on radical quenching and CSIA

was established to  identify potential  radical  species  which  are  responsible for  the

degradation of DEP. Moreover, extended Rayleigh-type equations and 2D-CSIA were

used for the first time to estimate the relative contribution of SO4
·− and HO· induced

degradation of DEP. The reported 2H and 13C fractionation factors have the potential to

be  a  reference  for  characterizing different  degradation processes  in  environmental

studies.

2. Materials and methods

2.1. Chemicals

DMP,  DEP  and  DBP  with  99.5%  purity  (analytical  grade)  were  purchased

from Sinopharm Chemical  Reagent  Co.,  Ltd.  (Shanghai,  China)  and  used  without

further purification. Potassium persulfate (K2S2O8), hydrogen peroxide (30% H2O2),

naphthalene  (99%),  di-potassium  hydrogen  phosphate  (K2HPO4)  and  potassium

dihydrogen  phosphate  (KH2PO4)  were  obtained  from  Merck  (Guaranteed  reagent

quality, Darmstadt, Germany). Hydrochloric acid solution (HCl, 6 mol L-1), hexane

and ethanol  were supplied by Carl  Roth GmbH + Co. KG (Karlsruhe,  Germany).

Ortho-xylene  and  tert-butyl  alcohol  (TBA,  99.5%)  were  purchased  from  Sigma-

Aldrich  (Munich,  Germany).  Sulfuric  acid  (25%,  w/w),  acetone,  acetonitrile  and

dichloromethane  (DCM)  were  supplied  by  Chem  solute,  Th.  Geyer  (Germany).

Deionized  water  was  produced  by  a  Milli-Q  system  (>18.2  MΩ  cm-1,  Millipore

GmbH, Schwalbach/Ts. Germany) and used to prepare all experimental solutions.

2.2. Experimental procedures
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2.2.1. Heat-activated persulfate oxidation 

Persulfate oxidation reactions were conducted as batch experiments in a series of

glass vials. A phosphate buffer solution was used to keep pH values stable and to

maintain  degradation  condition  constant  during  the  whole  reaction  .  Potassium

persulfate (K2S2O8) was used to generate SO4
·− at pH = 2 and pH = 7. The pH value

was adjusted by sulfuric acid (25% H2SO4). Preliminary experiment with persulfate at

pH =10 showed the degradation kinetic of DEP was similar to the one obtained for

alkaline hydrolysis at the same pH (data not shown), thus we do not further analyze

persulfate oxidation at alkaline pH. An activation temperature of 35 °C was chosen for

persulfate oxidation.   Initial concentrations of PAEs were 1.09 mM DMP, 0.97 mM

DEP and 0.037 mM DBP, respectively, considering different solubilities in water and

to achieve adequate signal  intensity for  isotope measurements.  The molar  ratio  of

persulfate and PAEs was 50:1. Control experiments were conducted without addition

of persulfate under identical  conditions simultaneously.  At different  time intervals,

reaction  vials  were  removed  and  three  PAEs  were  extracted  by  liquid-liquid

extraction.  2 mL of  DCM containing 500 mg L-1 ortho-xylene (as internal standard)

was added to extract DMP and DEP from the aqueous solution. For DBP, 1 mL of

hexane containing 100 mg L-1 naphthalene (as internal standard) was used as solvent

in order to obtain good extraction efficiency.

To investigate the roles of SO4
·− and HO· species formed in PS oxidation at pH =

2  and  pH =  7,  radical  quenching  experiments  were  carried  out  separately  in  the

presence of  ethanol  (EtOH) and  tert-butyl  alcohol  (TBA).  The radical  scavengers

(EtOH  and  TBA)  were  added  to  obtain  a  concentration  of  195  mM,  which

corresponded to  a  200:1 molar  ratio  of  the radical  scavengers  compared  to  target

compound (DEP). The second order rate constant of HO· with TBA (kTBA/HO· = 6×108

M-1s-1) is almost 3 orders of magnitude faster than that of SO4
·− with TBA (kTBA/SO4·− =

6
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4×105 M-1s-1) . TBA was always used as a chemical probe to quench HO· completely

but SO4
·− partially and thus differentiate these two radicals. EtOH was considered to

quench SO4
·− and HO· simultaneously . 

2.2.2. UV/H2O2 photolysis

The  reactions  of  three  PAEs  in  UV/H2O2 system  were  carried  out  as  the

representative experiment of HO· dominant reactions. The photodegradation system

consisted of a 200-mL Pyrex cylindrical flask with quartz window and was equipped

with  a 150 W xenon lamp (Hamamatsu, Japan). The xenon lamp covered a broad

continuous  spectrum  from  185  nm  to  2000  nm.  A  filter  was  used  to  cut  off

wavelengths shorter than 280 nm and to avoid reactions in this range. DEP in water

showed no significant UV absorption at wavelengths longer than 280 nm, suggesting

the absence of  direct  photolysis when a  filter  was used (Figure S2).  The reaction

solution  consisted  of  200  mL  phosphate  buffer  solution  at  pH  =  7.  Initial

concentrations of PAEs were the same as those in PS oxidation experiments.  HO·

radicals were generated by adding 30% H2O2, producing a molar ratio of 30:1 between

H2O2 and PAEs. The experiment was carried out at  20±1  °C using a temperature-

controlled cooling system. The reaction solution was mixed with a magnetic stirrer at

250 rmp throughout the whole experiment. At different time intervals, aliquots of the

reaction  solution  were  withdrawn  using  a  syringe  and  extracted  by  liquid-liquid

extraction as described in Section 2.2.1.

2.3. Concentration and isotope analysis 

2.3.1. GC-FID and GC-MS analysis

Gas  chromatography  (7820A,  Agilent,  USA)  coupled  with  flame  ionization

detection (GC-FID) was applied to determine the concentration of PAEs (DMP, DEP

and DBP). A HP-5 column (30 m× 0.32 mm i.d., 0.25 μm, Agilent, USA) was used to

separate compounds. The oven temperature program was 60 °C (held 2 min) followed
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by a ramp of 10 °C min-1 to 290 °C (held 2 min). The carrier gas was helium (1.5 mL

min-1). Samples were injected in split mode with a split ratio of 30:1 (1  μL) and the

injector temperature was set at 250  °C. An Agilent GC-MS (7890A-5975C) system

with the same column and GC parameters was used to identify potential degradation

products. 

2.3.2. Carbon and hydrogen isotope analysis

Carbon  and  hydrogen  isotope  compositions  of  PAEs  were  measured  by  gas

chromatography-isotope  ratio  mass  spectrometry  (GC-IRMS,  MAT 253,  Thermo-

Finnigan,  Germany).  Samples  were  injected  in  split  mode (5:1,  1  μL) for  carbon

isotope measurement, and splitless mode was used for hydrogen isotope analysis to

obtain optimum signal intensity.  Good separation and peak shape of analytes were

achieved using a ZB-1 column (60 m× 0.32 mm i.d., 1 μm, Phenomenex Inc., USA).

The GC oven temperature program and other GC parameters were the same as those

used  for  the  GC-FID  (see  above).  Reproducibility  of  δ13C  and  δ2H  values  was

monitored by triplicate injections for each sample. The uncertainties of all samples

were within typical analytical uncertainties (δ13C: ±0.5‰, δ2H: ±5‰).

2.4. Data evaluation

2.4.1. Evaluation of isotope fractionation 

Carbon and hydrogen isotope fractionation of PAEs during chemical reactions

were evaluated using the Rayleigh equation which is expressed as follows : 

              fln
1

1
ln

0









 t
              (1)

where δt and δ0 are the isotope compositions of substrate at time t and zero,  f is the

remaining fraction of substrate at  time t  (f = Ct/C0), and ε is obtained as the bulk

isotope enrichment factor. For the correlation of 2H and 13C isotope values the isotopic

shifts of hydrogen (δ2H) and carbon (δ13C) were presented as Δδ2H vs Δδ13C during
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degradation process. A linear regression of Δδ2H and Δδ13C was used to calculate the

slope (Λ) for the relationship between hydrogen and carbon isotope fractionation.

2.4.2. Extended Rayleigh-type equations

An extended Rayleigh-type equation (Equation 2) was derived to calculate the

contribution of two processes degrading the same substrate simultaneously by two

different mechanisms . F is the rate ratio of the first process to the overall reaction

where two competing degradation pathways occurred,  εA,  ε1 and  ε2 are the kinetic

isotope enrichment  factors  of  the overall  reaction, the individual process  1 and 2,

respectively.

                      
2

2










1

AF                    (2)

For improved two-dimensional isotope analysis, dual element stable isotope data

was used in a modified version of the Rayleigh equation to estimate the individual

contributions of two competing pathways to the overall degradation. The rate ratio F

is obtained as

             
)()(

2121

22

CCHH

HC








F              (3)

where  Λ is the relationship of isotope shifts of two isotope pairs (H-C), and the ε

values  are  the  corresponding  isotope  enrichment  factors  associated  with  two

individual processes. 

2.4.3. Apparent kinetic isotope effect (AKIE) calculation

For  the  Rayleigh  equation,  ε  values  are  calculated  from  compound-average

isotope data whereas the intrinsic isotope effect is position specific associated with the

reaction step . Therefore, in order to investigate underlying reaction mechanisms and

degradation  pathways,  it  is  crucial  to  convert  observable  ε  values  into  AKIEs.
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Equation 4 is used to correct bulk isotope enrichment factors for isotopic dilution, the

number  of  reactive  sites  within  the  molecule,  as  well  as  intra-molecular  isotopic

competition .

          
1000/)‰(1 bulk

1
AKIE





z
x

n               (4)         

where εbulk is  the bulk isotope enrichment factor,  n is  the number of atoms of the

element considered in the molecule, x is the number of atoms at reactive positions and

z is the number of indistinguishable reactive positions.

3. Results and discussion

3.1. Degradation kinetics of PAEs

Three PAEs (DMP, DEP and DBP) with different lengths of alkyl side chain were

selected  in  this  study.  The  chemical  oxidation  processes  of  three  PAEs  followed

pseudo-first  order  kinetics  in  all  experiments  (R2≥0.965,  Table  1).  Control

experiments of DEP by direct UV radiation, UV radiation with filter and hydrolysis at

35 °C showed negligible degradation compared to chemical oxidation (Fig. S1, S2).

Rate constants (k) for the UV/H2O2 reaction of DMP (0.0528 h-1), DEP (0.0541 h-1)

and DBP (0.1115 h-1) were determined to describe the reaction (Table 1). A previous

study  showed that the calculated k values increased with the number of carbon atom

in  the  alkyl  side  chain  of  PAEs  during  ·OH-initiated  photodegradation  using

transition-state theory. The activation energies for the reaction of the three PAEs differ

with the chemical  structure and the rate constants of the PAEs degradation due to

UV/H2O2 reaction are probably related to the ·OH reaction with the aromatic ring and

the side chain. During persulfate oxidation of PAEs, the temperature was chosen at 35

°C for milder reaction condition. The pH value is considered to be an important factor

for  reaction  kinetics  and  radical  species,  therefore  the  removal  of  three  PAEs  by
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persulfate  oxidation  was  studied  at  pH  =  2  and  pH  =  7.  Three  PAEs  presented

different degradation kinetic behaviors. For DEP and DBP, rate constants at pH = 2

are larger than those at pH = 7, which is consistent with previous results of Li et al.

indicating that acidic condition had positive effect  on DBP degradation due to the

predominant  radical  species  of  SO4
·−.  However,  DMP seems  to  show  a  different

kinetic  trend,  resulting in  a  slightly smaller  removal  rate  at  pH = 2.  Wang et  al.

reported  similar  rate  constants  of  DMP at  pH =  3.1  and  pH =  7.0  by thermally

activated  persulfate  oxidation,  which  indicated  that  initial  pH values  had a  minor

effect on the rate constants of DMP. The different reaction kinetic of DMP compared

to DEP and DBP could be probably related to different dominant radical species and

their affinity to react with the longer alkyl side chain of the PAE molecules. 

3.2.  Carbon and hydrogen isotope fractionation patterns of PAEs during chemical

oxidation

Both carbon and hydrogen isotopic values of three PAEs from all investigated

reactions  showed the trend to more positive values  during the degradation, which

indicates  a  normal  isotope  effect  (Fig.  S3).  The  carbon  and  hydrogen  isotope

enrichment factors of DMP, DEP and DBP can be quantified using Rayleigh equation

(Fig.  1).  The  Rayleigh  regression  of  all  three  PAEs  exhibited  high  correlation

coefficients  (R2≥0.960) for  δ2H and δ13C and the uncertainty was within the  95%

confidence  interval  (C.I.)  (Table  1). For  the  UV/H2O2 reaction,  carbon  isotope

enrichment  factors  (εC)  of  DMP,  DEP  and  DBP  ranged  from  -2.76±0.25‰,  to

-2.30±0.42‰,  to  -0.92±0.16‰,  respectively.  εC values  decreases  with  increasing

length of the alkyl side chain in the PAE molecules. This result is likely related to the

isotope dilution effect caused by carbon atoms in non-reactive positions . During heat-

activated persulfate oxidation, as shown in Table 1, degradation rate constants of three

PAEs vary at pH = 2 and pH = 7. However, εC values remain similar for each PAE
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compared to those obtained from the UV/H2O2 reaction. The isotope dilution effect is

also  observed  for  DMP,  DEP  and  DBP.  Therefore,  carbon  isotope  fractionation

patterns alone are not sufficient to distinguish between UV/H2O2 and PS oxidation

processes. In contrast, εH values obtained from the degradation of three PAEs in the

UV/H2O2 reaction are much smaller than those from PS oxidation. Furthermore, for

reaction with heat-activated PS oxidation, εH values range from -8.7±1.2‰ (pH = 7)

to -23.9±2.4‰ (pH = 2) for DMP, from -28.3±3.3‰ (pH = 7) to -41.8±2.4‰ (pH = 2)

for DEP and from -24.6±1.8‰ (pH = 7) to -31.0±2.0‰ (pH = 2) for DBP. In this case,

δ2H  values  of  three  PAEs  show  a  similar  trend  to  a  larger  hydrogen  isotope

fractionation  at  pH = 2 compared  to  pH =  7.  Thus,  distinctly  different  hydrogen

enrichment  factors  could  be  used  to  distinguish  different  reaction  processes.  The

increase of 2H fractionation might be an indication that SO4
·− radicals become a major

species at low pH in persulfate oxidation reactions leading to larger hydrogen isotope

fractionation  compared  to  high  pH where  SO4
·− and  HO·  coexist  (see  discussion

below). Contrary to the carbon isotope fractionation pattern, εH values of DMP, DEP

and DBP do not show a consistent trend for an isotope dilution effect with increasing

length of the alkyl side chain during PS oxidation experiments. This is due to the

possibility that different dominant pathways are responsible for the decomposition of

three  PAEs  with  different  alkyl  side  chain  lengths,  as  suggested  in  a  previous

computational study on HO·-initiated photochemical transformation of four PAEs . 

3.3. Correlation of 2H and 13C isotope fractionation to differentiate reaction processes

The correlation of hydrogen and carbon isotopic values of three PAEs undergoing

different reactions was compared individually in dual isotope plots. All investigated

experiments  showed  a  well-fitted  linear  correlation  (Fig.  2).  For  reaction  with

UV/H2O2 and PS oxidation of DMP, different slopes (Λ = Δδ2H/Δδ13C) are observed

ranging from 2.0±0.1 to 13.1±1.4 (Table 1), which is attributable to different εH values
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(ranging  from  -4.8±0.5‰  to  -23.9±2.4‰)  and  similar  εC values  (ranging  from

-2.08±0.10‰ to -2.76±0.25‰). Similarly, significant variations of Λ values (2.4±0.2,

14.9±3.0 and 25.7±2.6)  are obtained for  DEP during three reactions.  In  this  case,

distinct  dual H-C isotope slopes of DMP and DEP for  radical  oxidation processes

open the possibility of 2D-CSIA to differentiate chemical oxidation reactions of PAEs

in the field. However, DBP showed a different trend with almost identical Λ values at

pH = 2 (39.0±3.4) and pH = 7 (35.3±4.5) during persulfate oxidation. Despite this, the

correlation of 2H and 13C isotope fractionation obtained for DBP also could be used to

distinguish between  UV/H2O2 (9.0±2.3)  and persulfate  oxidation reaction.  Even  if

distinct εH values have the potential to distinguish reactions, the dual element isotope

approach  may be  recommended  for  field  studies.  A significant  advantage  is  that

possible transport and retardation processes on the extent of isotope fractionation can

be canceled out because they may have a similar influence on both elements . The

difference between dual element isotope fractionation patterns of UV/H2O2 and PS

oxidation could be due to distinct dominant radical species leading to the degradation

of  PAEs.  In  addition,  significant  isotope discrimination  of  DMP and DEP for  PS

oxidation at pH = 2 and pH = 7 is likely associated with different radical species.

Interestingly, the similar Λ values at pH = 2 and pH = 7 for DBP were not observed

for DMP and DEP, which might be partly explained with the influence of the chemical

structure, particularly the alkyl side chain which is a potential target for radicals. It is

conceivable that  the competing reactions  at  the side chain  and aromatic  rings  are

changing  with  chain  length  but  we  cannot  quantify  the  reaction  to  prove  this

hypothesis. Therefore, more research is needed to understand the precise mechanisms

of free radical reactions with the alkyl side chain of PAEs and which affect the Λ

values.

3.4.  Identification  of  predominant  radical  species  by  studying  radical  quenching
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combined with CSIA

Previous studies have demonstrated that SO4
·− and HO· were probably generated

and responsible for the decomposition of organic contaminants in persulfate oxidation

system  .  Predominant  radical  species  during  heat-activated  PS  oxidation  were

investigated using two alcoholic radical scavengers. EtOH and TBA were added to the

solution,  respectively  and  corresponded  to  a  200:1  molar  ratio  of  the  radical

scavengers and DEP. Both SO4
·− and  HO· could be quenched by EtOH due to the

second-order  rate  constants  of  1.2-2.8×109 M-1s-1 for  EtOH/HO·  system  and  1.6-

7.7×107 M-1s-1 for EtOH/SO4
·− system . TBA is considered as an efficient scavenger of

HO·, because TBA reacts relatively slowly with SO4
·− (k= 4-9.1×105 M-1s-1) compared

to high reactivity of TBA/HO· system (k= 3.8-7.6×108 M-1s-1) . After the addition of

EtOH, the removal of DEP by persulfate could be neglected compared to experiments

without scavenger at pH = 2 and pH = 7 (Fig. 3), which indicates that PS oxidation

processes  are mostly attributed to free radical  reactions  of  SO4
·− and  HO·.  In  the

presence of TBA, strong inhibiting effects on the degradation of DEP were observed.

A slightly  smaller  degree  of  inhibition  than  that  of  EtOH  possibly  indicates  the

presence  of  SO4
·− during  PS  oxidation  of  DEP.  However,  results  for  degradation

kinetics of radical quenching experiments in this study are not sufficient to identify

dominant radical species at pH = 2 and pH = 7 due to strong inhibition of EtOH and

TBA. In order to explore predominant reactive species responsible for the degradation

of DEP, carbon and hydrogen isotope fractionations of TBA quenching experiments

were investigated. Contrary to the distinct εH and Λ values of PS oxidation with DEP

at pH = 2 and pH = 7, the obtained εH and Λ values after the addition of TBA were

very  similar  (Table  1,  Fig.  2).  The  difference  between  PS  oxidation  and  TBA

quenching experiments could be due to different radical species contributing to the

overall  reaction.  In  the  presence  of  TBA,  SO4
·− becomes  the  predominant  radical
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species which is responsible for the degradation of DEP at pH = 2 and pH = 7 and

which is consistent with isotope fractionation results. In addition, Λ values of DEP

quenching experiments (Λ= 24.1±4.3 at pH = 7, Λ= 30.5±2.2 at pH = 2) are almost

identical to that of PS oxidation at pH = 2 (Λ= 25.7±2.6). This result suggests that

SO4
·− is the dominant radical at pH = 2 during PS oxidation of DEP, while SO4

·− as

well as HO· probably contribute to the degradation at pH = 7 with a smaller Λ value

of 14.9±3.0. 

3.5.  Estimating the relative contribution of  SO4
·− and  HO· in the  overall  reaction

using isotope fractionation analysis

In previous studies , Rayleigh-type equations were modified to derive an equation

for  estimating  the  contribution  of  two  simultaneous  pathways  to  the  overall

degradation. To estimate the relative contribution of SO4
·− and HO·, it is assumed that

the impact of phosphate buffer on major radical species during PS oxidation is small.

Phosphate  buffer  has  been widely used  to  maintain a  constant  pH value in  many

studies due to low reactivity with sulfate and hydroxyl radicals . A phosphate buffer of

up to 100 mM was used to keep the pH value constant. Still, the radical chain reaction

with phosphate anions (HPO4
2- and H2PO4

-) might affect the reaction. The potential

formation of HPO4
·− and H2PO4

·  with respect to pH value and concentration of the

phosphate buffer used in the experiments was estimated according to literature data

(Excel SI). The potential contribution of phosphate radicals in the experiments of DEP

was minor (<8%) and did not affect the discussion below (Text SI). Therefore, the

contribution of secondary inorganic radical species was not considered further for the

estimation of the relative contribution of SO4
·− and HO·. 

HO· is  the predominant  radical  species  in the UV/H2O2 reaction, whereas  the

TBA quenching experiment of DEP at pH = 7 suggests that SO4
·− are the dominant

radicals. In addition, distinct 2H and 13C isotope enrichment factors allow to estimate
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the relative contribution of SO4
·− and HO· on the removal of DEP during PS oxidation

at pH = 7 according to the extended Rayleigh-type equation. Error propagation was

used to calculate the 95% confidence intervals of the estimated contribution (F) of

HO· vs SO4
·−. HO· has a contribution of 0-47% and 20-50% based on the uncertainty

of carbon and hydrogen isotope analyses, respectively. Moreover, Equation 3 was also

applied to  calculate  the value of  F using carbon and hydrogen isotope signatures

simultaneously.  A  contribution  of  21-63%  for  HO·  was  obtained,  which  is  in

agreement with hydrogen isotope result. The reason is that the reaction of DEP with

SO4
·−/HO·  shows  similar  carbon  enrichment  factors,  but  different  hydrogen

enrichment  factors.  In  this  case,  it  is  recommended  to  estimate  the  relative

contribution using hydrogen isotope data differently than data from carbon isotope

analysis. Even though a wide range of variability is observed due to the uncertainty of

Λ and ε values, preliminary results indicate that a combination of radical quenching

experiments and CSIA has the potential to estimate the relative contribution of SO4
·−

and HO· in persulfate oxidation systems.

3.6. Apparent kinetic isotope effects of DEP with HO· and SO4
·−

The intermediate products from DEP reaction with UV/H2O2 were investigated

using GC-MS analysis. The main transformation product is tentatively identified as

diethyl 3-hydroxyphthalate (Fig. S4) by the molecular ion, mass fragment peak and

also by comparison with a previous study . HO· can oxidize organic compounds in

aqueous media via three possible reaction mechanisms: (i) HO· addition leading to the

radical adducts formation (RAF pathway), (ii) hydrogen atom transfer by HO· (HAT

pathway)  and (iii)  single electron transfer  by HO· (SET pathway)  .  Based on the

identified  transformation  product,  HO·  addition  to  the  aromatic  ring  of  DEP  is

assumed  to  be  the  main  reaction  mechanism,  which  is  consistent  with  Gauss

computational results on HO·-initiated degradation of PAEs in a previous study . The
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values  of δ13C  and  δ2H  are  measured  as  average  isotope  compositions  in  the

compound, thus obtained εC and εH values are considered as bulk isotope fractionation

factors. According to Equation 4, εC and εH can be converted into position specific

apparent kinetic  isotope effects  (13C-AKIE and  2H-AKIE)  considering the reactive

sites and nonreactive positions in the molecule. Semi-classical Streitwieser Limit for

kinetic isotope effects (KIE) of C-H bond cleavage are in the range of 1.01-1.03 for

carbon isotopes and 2-8 for hydrogen isotopes . For calculation of  13C-AKIE during

UV/H2O2 reaction of DEP, the values of n, x and z are 12, 2 and 2, respectively. The

calculated 13C-AKIE of 1.028 falls in the range of 1.01-1.03 (Table 2), which supports

the speculation of the RAF pathway. However, for 2H, an AKIE of 1.11 was obtained,

which is  lower than the expected KIEH of 2-8. Much smaller experimental  kinetic

isotope effects  (AKIEH)  might  be likely associated with a  sp2 to sp3  hybridization

change at the reacting carbon in the aromatic ring as reported elsewhere .

For the reaction of SO4
·− with DEP, degradation products could not be identified

by GC-MS analysis. The concentration of the metabolites was possibly very low and

rapid degradation of metabolites in subsequent radical reaction may prevent detection

of the products which would indicate hydroxylation of the side chain or the aromatic

ring.  Previous  mechanistic  studies  on  the  reaction  of  sulfate  radicals  with  PAEs

suggested that the first step of SO4
·− oxidation was likely the radical attack on the

aromatic ring or oxidation of the aliphatic chain . Therefore, AKIEs were calculated

for the reaction of DEP with SO4
·− considering radical attack at the side chain and at

the aromatic ring. In the presence of TBA, SO4
·− becomes the predominant radical

species responsible for DEP decomposition. 13C-AKIE and 2H-AKIE at pH = 2 were

1.013  and  2.19,  respectively,  and  considered  to  be  identical  for  both  pathways,

because the number of reactive positions (x) and indistinguishable reactive positions

(z) lead to calculation of identical AKIEs in this simplified approach (Equation 4).
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Additionally, corresponding AKIEs for PS oxidation at pH = 2 and TBA quenching

experiment at pH = 7 were shown in Table 2. As HO· and SO4
·− radicals are both

involved at pH = 7 during PS oxidation, it is difficult to confirm exact values of n, x

and z for the radical reaction due to competing mechanisms. Therefore, 13C-AKIE and

2H-AKIE values are not calculated for PS oxidation at pH = 7 in this study. Although

the obtained 13C-AKIE and 2H-AKIE values of SO4
·− dominant reactions are both in

accordance with expected KIE ranges for C-H bond oxidation (C:1.01-1.03, H: 2-8), it

supports  the  hypothesis  of  C-H  bond  cleavage  but  cannot  be  used  to  predict

degradation mechanisms at the side chain or aromatic ring of DEP with SO4
·−. More

information  on  intermediate  products  may  be  needed  for  further  elucidation  of

reaction mechanisms. 

4. Conclusions

In present study, dual isotope fractionation of radical reactions was systematically

investigated in heat-activated PS oxidation and UV/H2O2 for three PAEs (DMP, DEP

and  DBP).  Distinct  Λ  values  (Δδ2H/Δδ13C)  indicate  the  potential  of  CSIA  to

characterize PS oxidation and UV/H2O2 reaction in field studies as an example for

environmental remediation measures or technical systems. The combination of radical

quenching analysis and CSIA suggests that SO4
·− is the dominant radical species to

oxidize DEP at pH = 2 during PS oxidation, while both SO4
·− and HO· are the major

species at pH = 7. Additionally, it provides a novel approach to estimate the relative

contribution of SO4
·− and HO· to the overall reaction using isotope fractionation for

characterizing radical reactions. Carbon and hydrogen isotope fractionation patterns

are of fundamental importance to evaluate ISCO processes for the removal of PAEs.

The results of this study are an important step forward in understanding degradation

mechanisms of organic compounds with SO4
·− and HO· radicals in the aqueous phase.
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Supplementary data

Further information about the remaining fraction of DEP in control experiments

(Fig. S1), UV absorption spectrum of DEP in water (Fig. S2), carbon and hydrogen

isotope  compositions  of  PAEs  (Fig.  S3),  mass  spectrum of  identified  degradation

product (Fig.  S4) and the estimation of potential  influence of phosphate buffer on

radicals (Excel SI). 
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Table  1. Degradation  kinetic  and  isotope  fractionation  parameters  of  PAEs  during  chemical

oxidation.

a. Uncertainty given as 95% confidence interval.

Table 2. Carbon and hydrogen AKIEs of DEP for investigated experimental systems.

Conditions Dominant radical εC (‰) 13C- AKIE εH (‰) 2H- AKIE

UV/H2O2 at pH 7 HO· radical -2.30±0.42 1.028 -6.8±1.3 1.11

TBA quench at pH 2 SO4
·− radical -1.07±0.29 1.013 -38.8±7.7 2.19

TBA quench at pH 7 SO4
·− radical -1.35±0.12 1.016 -39.8±5.7 2.26

PS oxidation at pH 2 SO4
·− radical -1.39±0.13 1.017 -41.8±2.4 2.41

PS oxidation at pH 7 SO4
·− + HO· -1.57±0.18 n.d. a -28.3±3.3 n.d. a

a. n.d.: not determined. 
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Conditions   k (h-1) R2 εC (‰) R2 εH (‰) R2 Λ f 

DMP_pH 2_PS 0.0024 0.986 -2.09±0.21a 0.994 -23.9±2.4 0.995 13.1±1.4 0.252

DMP_pH 7_PS 0.0037 0.983 -2.08±0.10 0.998 -8.7±1.2 0.985 4.8±0.5 0.055

DMP_pH 7_UV/H2O2 0.0528 0.980 -2.76±0.25 0.996 -4.8±0.5 0.994 2.0±0.1 0.075

DEP_pH 2_PS 0.0057 0.999 -1.39±0.13 0.995 -41.8±2.4 0.998 25.7±2.6 0.066

DEP_pH 7_PS 0.0025 0.973 -1.57±0.18 0.993 -28.3±3.3 0.993 14.9±3.0 0.112

DEP_pH 7_UV/H2O2 0.0541 0.993 -2.30±0.42 0.990 -6.8±1.3 0.989 2.4±0.2 0.101

DBP_pH 2_PS 0.015 0.995 -0.73±0.10 0.983 -31.0±2.0 0.997 39.0±3.4 0.080

DBP_pH 7_PS 0.0039 0.987 -0.63±0.07 0.989 -24.6±1.8 0.996 35.3±4.5 0.136

DBP_pH 7_UV/H2O2 0.1115 0.985 -0.92±0.16 0.974 -9.3±2.0 0.960 9.0±2.3 0.093

DEP_pH 7_TBA PS 0.0007 0.970 -1.35±0.12 0.996 -39.8±5.7 0.989 24.1±4.3 0.478

DEP_pH 2_TBA PS 0.0007 0.965 -1.07±0.29 0.989 -38.8±7.7 0.988 30.5±2.2 0.606
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Fig. 1. Rayleigh regression of carbon (left panels, A, C, E) and hydrogen (right panels, B, D, F) 

isotope data during chemical oxidation reactions of PAEs (DMP, DEP and DBP). 
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Fig. 2. Correlation of 2H and 13C isotope fractionation for DMP (A), DEP (B) and DBP (C) during 

chemical oxidation reactions. 
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Fig. 3. Degradation kinetic curves of DEP during the study of radical quenching at pH = 2 (A) and

pH = 7 (B).
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