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Abstract

Short chain chlorinated paraffins (SCCPs) are ubiquitously present as persistent organic pollutants 

in the environment. However, little information on the interaction of SCCPs with plants is 

currently available. In this work, young pumpkin plants (Cucurbita maxima × C. Moschata) were 

hydroponically exposed to the congener of chlorinated decane, 1,2,5,5,6,9,10-heptachlorodecane 

(1,2,5,5,6,9,10-HepCD), to investigate the uptake, translocation and transformation of chlorinated 

decanes in the intact plants. It was found that parent HepCD was taken up by the pumpkin roots, 

translocated from root to shoots, and phytovolatilized from pumpkin plants to air via the plant 

transpiration flux. Our data suggested that dechlorination of 1,2,5,5,6,9,10-HepCD to lower 

chlorinated decanes and rearrangement of chlorine atoms in the molecule were all mediated by the 

whole pumpkin seedlings. Chlorinated decanes were found in the shoots and roots of blank 

controls, indicating that chlorinated decanes in the air could be absorbed by leaves and 

translocated from shoots to roots. Lower chlorinated congeners (C10H17Cl5) tended to detain in air 

compared to higher chlorinated congeners (C10H16Cl6 and other C10H15Cl7). Potential 

transformation pathway and behavior of 1,2,5,5,6,9,10-HepCD in pumpkin were proposed based 

on these experiments.

1. Introduction

Chlorinated paraffins (CPs), as a group of highly complex industrial chemicals, are produced 

by direct free radical chlorination of different n-alkane fractions from petroleum distillation 

(Zencak and Oehme, 2006). They have been widely used as additives, flame retardants, 
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plasticizers, and cutting fluids (Bayen et al., 2006). According to the length of carbon chain, 

chlorinated paraffins are classified into short chain CPs (SCCPs, C10–13), medium chain CPs 

(MCCPs, C14–17) and long chain CPs (LCCPs, C18–30) with chlorine mass contents from 30 

to 70% (Pellizzato et al., 2007). Among CPs, SCCPs have been under review for inclusion in 

Stockholm Convention on Persistent Organic Pollutants (POPs) (UNEP, 2015) because of 

their long-distance atmospheric transport (Tomy et al., 2000), persistence (Iozza et al., 

2008), bioaccumulation (Houde et al., 2008) and toxicities in the environment (Burýšková et 

al., 2006; Cooley et al., 2001; Geng et al., 2015; Madeley and Birtley, 1980). The toxicities 

of SCCPs are generally more prominent than those of MCCPs and LCCPs (Feo et al., 2009).

Currently, most of researches on the environmental occurrence and fate of SCCPs have been 

conducted in various environmental matrixes, such as air (Barber et al., 2005; Fridén et al., 

2011; Li et al., 2012; Wang et al., 2012a,b), water (Bayen et al., 2006; Houde et al., 2008), 

soil (Gao et al., 2012; Wang et al., 2013), sediment (Huttig and Oehme, 2005; Štejnarová et 

al., 2005), sludge (Zeng et al., 2012, 2013), the aquatic food web (Ma et al., 2014), and the 

urban and remote area samples (Tomy et al., 1999). Spatial and temporal distributions of 

SCCPs in China and other countries have been reported (Chen et al., 2011; Iozza et al., 

2008; Marvin et al., 2003). It has been found that SCCPs with high log Kow values (3.82–

11.3) (Hilger et al., 2011) can be bioaccumulated and biomagnified in marine and lake food 

webs (Houde et al., 2008; Ma et al., 2014). Some microbial species were identified to be 

capable of bio-transforming CPs (Heath et al., 2006; Lu, 2013).

Plants play an important role in the metabolism and global cycling of all sorts of organic 

contaminants in the environment (Collins et al., 2006). There are a number of reports on the 

bioaccumulation and metabolism of organic pollutants in plants. For example, poplar plants 

and tobacco cells are not only able to take up but also to metabolize PCBs (Liu and Schnoor, 

2008; Liu et al., 2009; Rezek et al., 2008; Zhai et al., 2010a, 2010b). In the study by Wang et 

al. (2011a,b, 2012a,b), three PBDEs (BDE-15, BDE-28 and BDE-47) and three PCBs 

(PCB-15, PCB-28 and PCB-47) were hydroponically exposed to maize, in which 

metabolism of PBDEs and PCBs were compared. The translocation and bioaccumulation of 

DDT by Cucurbita pepo species (pumpkin and zucchini) have been studied (Lunney et al., 

2004). However, little information on fate and metabolism of SCCPs in plants is available. In 

our previous work, pumpkin plants were found to have high abilities to accumulate, 

hydroxylate and methoxylate halogenated organic compounds, such as BDE-28 (Yu et al., 

2013) and BDE-47 (Sun et al., 2013). Thus, pumpkin seedlings were selected in this study to 

investigate the uptake, translocation and transformation of SCCPs in the intact plant after 

hydroponic exposure. Due to the restriction of commercially available standard compound, 

an individual parent chlorodecane, 1,2,5,5,6,9,10-HepCD, was selected. The parent HepCD 

probably has a different chlorination pattern compared to those in the technical mixtures 

(Tomy et al., 1998). And different properties were found for chloroalkanes with different 

chlorination patterns (Hilger et al., 2011). Though the selected chlorodecane could not 

represent all the SCCPs, we hope the behaviors of chlorodecanes interfacing with the plant 

could be preliminarily explored using the individual standard with the relatively simple 

hydroponic exposure system.

Li et al. Page 2

Environ Pollut. Author manuscript; available in PMC 2019 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Experimental section

2.1. Chemicals and reagents

Commercial standards, including 1,2,5,6,9-pentachlorodecane (1,2,5,6,9-PCD), 1,2,5,6,9,10-

hexachlorodecane (1,2,5,6,9,10-HexCD), 1,2,4,5,9,10-hexachlorodecane (1,2,4,5,9,10-

HexCD), 1,2,4,5,6,9,10-heptachlorodecane (1,2,4,5,6,9,10-HepCD), 1,2,5,5,6,9,10-

heptachlorodecane (1,2,5,5,6,9,10-HepCD), SCCPs mixtures (three C10–13 standard with 

chlorine contents of 51.5, 55.5 and 63.0%, three C10 standards with chlorine contents of 

44.82, 60.09, and 65.02%), and injection standard of ε-hexa-chlorocyclohexane (ε-HCH, 10 

mgL−1 in cyclohexane, 99.9%), were purchased from Ehrenstorfer GmbH (Augsburg, 

Germany). 1,1,1,3,9,10-hexachlorodecane (1,1,1,3,9,10-HexCD) was purchased from 

Chiron, Norway. The surrogate standard, 13C10-trans-chlordane (100 mgL−1 in n-nonane, 

99.9%), was obtained from Cambridge Isotope Laboratories (Andover, USA). The 

information on individual chlorinated decane congeners, including the congener codes, 

purities and concentrations, are listed in Table 1. The concentrations of decane standard 

solutions from Ehrenstorfer GmbH have been adjusted according to the purity of the 

compounds indicated by the instruction.

Florisil (60–100 mesh, Sigma-Aldrich, St. Louis, USA) was activated at 140 °C for 7 h. 

Silica gel (0.063–0.100 mm, Merck, Darmstadt, Germany) was activated at 550 °C for 12 h. 

Acid silica gel were the mixtures of activated silica and concentrated H2SO4. Anhydrous 

sodium sulfate (Na2SO4) was heated for 6 h at 660 °C prior to use by the muffle furnace. 

Then, all of these were stored in a sealed desiccator. The solvents used for analysis, 

including hexane, dichloromethane, acetone, cyclohexane, purchased from J.T. Baker 

(Phillipsburg, NJ, USA), were all pesticide grade. All other chemicals and reagents used 

were of at least analytical grade. Ultrapure water (18.3 MΩ × cm) was obtained from a 

Milli-Q purification system (Millipore, Billerica, USA).

2.2. Hydroponic exposure

Seeds of pumpkin (Cucurbita maxima × C. moschata, TaiguYinong Seed CO., Ltd, Shanxi, 

China) were pre-germinated on the filter paper drenched with deionized water for 3–4 days 

(33 °C, darkness). Then the seedlings were grown on sterilized perlite beds for about 7–10 

days. Before exposure, seedlings were moved into the sterile deionized water without perlite 

for two days. Healthy pumpkin seedlings (shoots height of 5–6 cm) of similar growth and 

status were chosen for 1,2,5,5,6,9,10-HepCD exposure experiments. The growth and 

exposure conditions were 25 °C with 16 h light/8 h dark. The photoperiod was maintained 

with a light intensity of 250 μmol m−2 s−1.

As shown in Fig. 1, exposure group I (5 parallel reactors), unplanted control group (5 

reactors), and blank control group (3 reactors) were set-up simultaneously in the exposure 

chamber. Reactors for exposure experiments were 50 mL brown glass conical flasks. The 

conical flasks and the deionized water used for exposure were all autoclaved (120 °C for 20 

min) to eliminate the possible exotic microorganisms. Each reactor was filled with 40 mL of 

deionized water and 8000 ng of 1,2,5,5,6,9,10-HepCD (dissolved in 800 μL of acetone) to 

obtain an initial exposure concentration of 196 ng/mL, and then planted with four pumpkin 
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seedlings. The roots of plants were rinsed by autoclaved deionized water before transferring 

into the reactors. The whole reactors were wrapped with aluminum foil to provide darkness 

condition for the roots and to avoid any possible transformation of the 1,2,5,5,6,9,10-HepCD 

unrelated to plants. The aluminum foil also helped to fix the pumpkins to make sure that 

only roots emerged into the hydroponic solutions. All procedures were conducted in a 

laminar flow hood. Unplanted controls were added with 1,2,5,5,6,9,10-HepCD but without 

pumpkin seedlings. Glass rods stood in the reactors instead of the plants to simulate the loss 

of 1,2,5,5,6,9,10-HepCD mainly resulted from volatilization and possible chemical 

transformation. Blank controls were planted with pumpkin seedlings, added with 800 μL of 

acetone but without parent compound to control the cross contamination.

To further study the transport of chlorodecanes through air, exposure group II (3 reactors) 

was set-up. Each reactor of exposure group II was placed into a 1.5 L transparent glass bottle 

sealed with screwed top in which a polyurethane foam (PUF, Tisch Environmental Inc) disk 

was put in to adsorb the emitted chlorinated decanes. The PUF disks were cleaned with 

hexane/dichloromethane (1:1, v/v) by an accelerated solvent extractor (Dionex ASE 350, 

Canada) before use.

During the hydroponic exposure, the water loss through volatile of water itself was 

determined by weighing the unplanted controls before and after exposure. It was found that 

the amount of water volatile was negligible. The water loss transpired from pumpkin 

seedlings of exposure group I was determined daily via weighing the reactors. Daily 

transpiration losses increased with plant growth. Accordingly, 8–12 mL/day of water were 

added into each reactor using a syringe to compensate the water loss. The amounts of water 

transpired from exposure group II were far lower than that of pumpkin seedlings in exposure 

group I because the seedlings were in airtight systems. Therefore, no water compensation 

was performed for exposure group II. The exposure was lasted for 10 days.

2.3. Sampling and sample preparation

After 10 days exposure, seedlings were sampled and sectioned into roots, stems and shoots 

according to Fig. 1. Roots of plants were rinsed carefully by sterile deionized water. The 

rinse water was combined with the exposure solution for the determination of 1,2,5,5,6,9,10-

HepCD. All the plant samples were gently dried with Kimwipes (Kimberly-Clark, Roswell, 

GA, USA), freeze-dried and stored at −20° C before further treatment.

The extraction and clean up procedures for chlorinated decanes were similar to the method 

described by Zeng et al. (2011). The freeze-dried solid tissue samples were mixed with 10 g 

of anhydrous sodium sulfate, then spiked with 1 ng of 13C10-trans-chlordane and extracted 

with a mixture of n-hexane and dichloromethane (1:1, v/v) using an accelerated solvent 

extractor. The PUF disk, spiked with 1 ng of 13C10-trans-chlordane, was also extracted by 

ASE. The ASE parameters were as follows: temperature at 100 °C, pressure of 1500 psi, 

thermal equilibration for 5 min, static extraction for 7 min, gaseous nitrogen purge for 100 s, 

3 runs. The lipid and some of the interferences were preliminary eliminated via adding 5 g 

of acid silica gel (44%, w/w), shaking and then filtering through 5 g of anhydrous sodium 

sulfate. The anhydrous sodium sulfate was then rinsed by 30 mL of hexane. The combined 

extract was concentrated to 2 mL for further cleanup.
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The water sample was transferred into a clean vial for liquid-liquid extraction. The brown 

bottle for exposure was rinsed with dichloromethane (2 mL) for 3 times. The combined rinse 

solvent and another 9 mL of dichloromethane as well as 1 ng surrogate standard, 13C10-

trans-chlordane, were added into the sample. Then the solution was extracted under violent 

shaking at 300 r/min for 30 min using an oscillator (Changzhou Guohua Electrical 

Appliance Co., LTD, China). The organic phase at the bottom was transferred with pasteur 

pipet into a clean flat-bottomed flask after phase separation. The water sample was re-

extracted with 15 mL of dichloromethane twice. All the extracts were combined, dehydrated 

by 5 g of anhydrous sodium sulfate, and subsequently concentrated to about 2 mL for further 

cleanup.

Further cleanup was conducted by multilayer silica-florisil columns with 3 g of florisil, 2 g 

of activated silica gel, 5 g of acid silica gel (30%, w/w), 4 g of anhydrous sodium sulfate 

from the bottom to the top. The columns were pre-cleaned by 50 mL of hexane. The sample 

was loaded and eluted with 35 mL of hexane to remove the impurities. Then 100 mL of 

dichloromethane/hexane (1:1, v/v) was employed to elute the analytes. The eluent was 

concentrated to about 2 mL, dried by a gentle nitrogen stream and re-dissolved in 200 μL of 

cyclohexane in a mini vial. In the end, 10 ng of ε-HCH was added as injection standard and 

the mini vial was vortexed prior to instrumental analysis.

2.4. Instrumental analysis

An Agilent 7890A gas chromatograph (GC) coupled with a 7000B triple quadrupole mass 

spectrometer (MS) in single quad and ECNI mode (Agilent, Palo Alto, CA) was used for 

analysis of chlorinated decanes. All samples were injected by a 7683B series injector into a 

DB-5MS capillary column (30 m × 0.25 mm × 0.25 μm; Agilent, CA) with pulsed splitless 

mode. The temperature of injector and transfer line were 280 °C. Helium was the carrier gas 

at a constant flow of 2.0 mL/min, and methane was the reagent gas at a constant flow rate of 

0.40 mL/ min. The column temperature program was isothermal at 100 °C (held for 1 min), 

then increased at 30 °C/min to 160 °C and held for 5 min. In the end, it was increased to 

300 °C at 30 °C/min and held for 12 min. The ion source temperature was 200 °C.

The qualitative analysis of chlorinated decanes was based on former work (Zeng et al., 

2011). In brief, the two most abundant isotope ions of the [M–Cl]− for chlorinated decanes 

were the qualitative and quantitative ions in selected ion monitoring (SIM) for congeners 

with different numbers of chlorine atoms (Table S1). Identification of the chlorinated 

decanes was further conducted by comparison of the retention time, signal shape and correct 

isotope ratio with those of standards. Quantitative analysis was performed by individual 

standards of chlorinated decanes according to the analytical protocol by Beaume et al. 

(2006). Namely, 1,2,5,6,9-PCD, 1,2,5,6,9,10-HexCD and 1,2,5,5,6,9,10-HepCD were used 

to quantify congeners of C10H17Cl5, C10H16Cl6, and C10H15Cl7, respectively.

2.5. Quality assurance and quality control (QA/QC)

To avoid potential contamination, all glassware were heated at 450 °C for 6 h, and rinsed 

with dichloromethane three times before usage. One blank solvent was injected in each 

batch of 10 samples and no memory effect was found. The method detection limits (MDLs) 
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for these individual chlorinated decane congeners were 0.19–0.41 ng/mL in water samples, 

and 4.5–52 ng/g dry weight in plant samples (Table S2). Spiking recoveries of 1,2,5,6,9-

PCD, 1,2,5,6,9,10-HexCD and 1,2,5,5,6,9,10-HepCD were in the ranges of 74.8–101%, 

87.6–117% and 88.1–111%, respectively. The recoveries of surrogate standards in shoots, 

stems, roots and solutions were in the ranges of 67.1–87.4%, 70.3–81.1%, 84.8–108% and 

74.0–104%, respectively. Plant blanks in cultivation chamber were free from chlorinated 

decanes exposure. The levels of chlorinated decanes found in the plant blanks were shown in 

Table S3. All the reported results in this work were subtracted the plant blank and corrected 

by the surrogate recoveries.

The transformation ratio (TR) was the percentage of the transformed amount to the initial 

mass of the parent chemical. It was calculated based on the equimolar reaction between 

chlorinated decane and its dechlorination and chlorine rearrangement metabolites. The 

equation is shown as follow:

TR =
mB ⋅ MA ⋅ 100%

mA0 ⋅ MB

in which TR is the transformation ratio, mB is the mass of metabolites, mA0 is the initial 

mass of parent compound, MA and MB are the molecular weights of the parent compound 

and met abolites.

3. Results and discussion

3.1. Uptake, translocation and phytovolatilization of parent compound

The distribution of 1,2,5,5,6,9,10-HepCD in different compartments of the reactors were 

analyzed to investigate the uptake and translocation of the parent compound in hydroponic 

exposure pumpkin seedlings. The results and distribution are shown in Table S4 and Fig. 2. 

Typical chromatograms of parent HepCD in different samples of exposure groups were 

shown in Fig. S1.

For exposure group I, only 31.6% of 1,2,5,5,6,9,10-HepCD was found in the system. The 

largest portion of 1,2,5,5,6,9,10-HepCD within the pumpkins (about 29.3% of initial mass) 

was enriched in the roots. Less than 1% of initial mass of the parent chemical was detected 

in shoots after 10-day hydroponic exposure. The mass distribution patterns of 1,2,5,5,6,9,10-

HepCD in reactors were solutions < shoots < stems < roots, indicating that exposure 

chemical was taken up by the roots and translocated from the roots to the shoots in pumpkin 

plants.

The mean total recovery of unplanted controls was 110 ± 5%, indicating that there was no 

loss of parent chemical during the exposure. The result suggested that volatilization and 

chemical transformation which might cause the loss of parent HepCD did not occur in the 

reactors without plants. Small amounts of parent HepCD (38.2 ± 1.6 ng) were detected in 

the shoots of the blank controls. The cross contamination in the shoots of blank controls 

could come from air phase as this group was kept in the same exposure chamber with 

HepCD exposure group I. Although the results of unplanted controls proved that parent 
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HepCD did not directly volatilize from water, Collins et al. (2006) reported that organic 

pollutants were able to be emitted from the stomata of foliage via plant transpiration flux. 

Therefore, the 1,2,5,5,6,9,10-HepCD captured by blank shoots might potentially origin from 

phytovolatile parent compound from pumpkins of exposure group I.

3.2. Transformation of 1,2,5,5,6,9,10-HepCD mediated by pumpkins

The total recovery of 1,2,5,5,6,9,10-HepCD in unplanted control was much higher than that 

in exposure group I. The huge difference indicated that a large amount of exposure chemical 

was transformed and interfaced with the pumpkin plants. SCCPs are considered to be 

persistent and do not undergo direct photolysis under environmental conditions due to lack 

of appropriate chromophores absorbing UV light (>290 nm) (Feo et al., 2009). And no 

photolysis products of 1,2,4,5,6,9,10-HepCD were found after 10-day light illumination in 

our preliminary experiment. In addition, no chemical transformation and volatilization 

occurred according to the unplanted controls. Therefore, the low recoveries of 

1,2,5,5,6,9,10-HepCD in exposure group I suggested that pumpkin plants mediated the 

transformation of the tested compound.

Some halogenated organic compounds, such as PCBs and PBDEs, show dehalogenation and 

halogen rearrangement in plants (Liu et al., 2009; Wang et al., 2011a,b). The dechlorination 

of SCCPs had been reported under the role of nanoscale zero-valent iron (Zhang et al., 

2012), indicating that SCCPs can be dechlorinated in suitable conditions. Thus, 

dechlorination and chlorine rearrangement products of 1,2,5,5,6,9,10-HepCD in the whole 

pumpkin seedlings were investigated. Results showed that three congener groups, 

C10H17Cl5, C10H16Cl6, and other C10H15Cl7 (except 1,2,5,5,6,9,10-HepCD), were identified 

as daughter chlorodecanes in pumpkin plants. Further dechlorination products with four 

chlorine atoms or less were not detectable because of their poor responses on ECNI-MS 

(Eljarrat and Barceló, 2006 ).

For exposure group I, the dechlorination and chlorine rearrangement products, C10H17Cl5, 

C10H16Cl6, and other C10H15Cl7, were found in different compartments except the 

solutions. The mass distribution of the daughter chlorodecanes in whole plants was shown in 

Table S4 and Fig. 3. Shoots accumulated the majority of C10H16Cl6 and other C10H15Cl7, 

about 4–9 times higher than those in roots, and 21–35 times higher than those in stems. The 

congener profile of daughter chlorodecanes in shoots showed that the amounts of other 

C10H15Cl7 were higher than C10H16Cl6, while C10H17Cl5 was not detectable. The 

identification of those daughter chlorodecanes in plant tissues verified the transformation 

process of parent HepCD mediated by the pumpkins.

In blank controls, C10H17Cl5, C10H16Cl6 and other C10H15Cl7 were also found in different 

plant tissues (Table S4 and Fig. 3). The profile in the shoot samples showed that other 

C10H15Cl7 were higher than C10H16Cl6, but C10H17Cl5 was not detectable, which was 

similar to shoots of exposure group I. It suggested that shoots of blank controls and exposure 

group I went through the similar processes. Daughter chlorinated decanes were found in 

plant tissues within the reactor, indicating the translocation of chlorinated decanes from 

shoots to roots after pumpkins absorbed those daughter compounds from the air. The uptake 

of chlorodecanes by shoots and downward translocation resulted in the distribution of 
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daughter chlorodecanes in plant tissues of blank controls being different from that of 

exposure group I. The amounts of C10H16Cl6 and other C10H15Cl7 in blank controls were 

highest in shoots, followed by stems, and then roots. In addition, those daughter chlorinated 

decanes might be further transformed after entering into blank pumpkins, which could also 

explain the different distribution patterns of daughter chlorodecanes in tissues of blank 

controls from those in exposure group I.

The impurities of 1,2,5,5,6,9,10-HepCD standard were examined to ensure the authenticity 

of the experimental results. Lower chlorinated decanes of C10H17Cl5, C10H16Cl6 and other 

C10H15Cl7 were found with the amounts of 472 ng, 708 ng and 243 ng in 800 μL of 

1,2,5,5,6,9,10-HepCD standard (10 mg/L), respectively, which was consistent with those of 

unplanted controls (Table S4). It indicated that the other chlorinated decanes in unplanted 

controls came from the impurities of the parent HepCD standard. According to the 

quantitative results in Table S4, the amounts of ΣC10H17Cl5, ΣC10H16Cl6 and Σother 

C10H15Cl7 in exposure group I were higher than those in unplanted controls, in which the 

difference of Σother C10H15Cl7 was significant (p < 0.01). And the congener profiles of 

ΣC10H17Cl5, ΣC10H16Cl6 and Pother C10H15Cl7 in exposure group I were obviously 

different from those in unplanted controls (Fig. 4). Therefore, the transformation of 

1,2,5,5,6,9,10-HepCD mediated by the pumpkin seedlings definitely occurred in the 

exposure group I. Although impurities in parent compound standard might also be involved 

in the exposure experiments, their contribution could be negligible due to their initial low 

concentrations.

3.3. Phytovolatilization and airborne transfer of chlorodecanes

The parent and daughter compounds identified in the blank controls suggested the potential 

phytovolatilization and air transport of chlorodecanes. The mass balance results of exposure 

group I showed that only 68.3% of the administered parent HepCD was recovered (Table 

S5), showing the chlorodecanes could be phytovolatilized into the air phase in the open 

exposure system. Even when the parent HepCD transformed to daughter chlorodecanes were 

included, the total recoveries were still far less than 100%. To further quantitatively study 

the phytovolatilization of parent HepCD and daughter cholordecanes, a sealed exposure 

system (exposure group II) was designed. In this system, the pumpkins were sealed in the 

big airtight containers, and PUF disks were placed in the headspace of the containers to 

seizure the parent and daughter compounds entering into the air phase. After the similar 

exposure process, all the samples including the plants, PUF disks and container glass wall 

were submitted for the analysis of both parent and daughter chlorodecanes.

The results showed that parent HepCD was detected in all the compartments of the exposure 

group II except the glass wall of the airtight container and daughter C10H17Cl5, C10H16Cl6 

and C10H15Cl7 were detected in PUF disks, stems and roots (Table S4 and Fig. 3). When 

compared to the unplanted controls, the total amounts of daughter C10H17Cl5, C10H16Cl6 

and other C10H15Cl7 in exposure group II were all significantly higher (C10H16Cl6 and 

C10H17Cl5 p < 0.01, other C10H15Cl7 p < 0.05), which further confirmed that the 

transformation of parent compound of HepCD occurred in exposure group II.
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The contents of C10H16Cl6 and other C10H15Cl7 in pumpkins were higher in roots than 

those in stems, which was similar to the finding from exposure group I. The mass 

distribution patterns of 1,2,5,5,6,9,10-HepCD were shoots < PUF disks < stems < solutions 

< roots. The mass of 1,2,5,5,6,9,10-HepCD associated with roots and left in solution were 

1.6 and 11 times higher than that in exposure group I, respectively. Nevertheless, the masses 

of 1,2,5,5,6,9,10-HepCD enriched in stem and shoot, especially in shoots, was lower than 

those in exposure group I.

The differences of parent chemical accumulated in pumpkin tissues between exposure group 

I and II were evaluated by ANOVA method. The results showed significant differences 

between the contents of parent HepCD in roots (p = 0.05), shoots (p < 0.05) and solutions (p 
< 0.05) for the two exposure groups. Transpiration was generally used to evaluate the effects 

of stress on the vitality of plants. The data showed that the water loss through transpiration 

of exposure group I (8–12 mL/day) was higher than that of exposure group II (1.5 mL/day). 

This result indicated that the vitality of pumpkins in exposure group I (relatively open 

system in the exposure chamber) was higher than that of pumpkins in exposure group II 

(airtight systems). Thus, the uptake, translocation and phytovolatilization of parent HepCD 

in exposure group I were obviously stronger than those in exposure group II, resulting in the 

different distribution and accumulation profiles of parent HepCD in these two exposure 

groups.

In the PUF disks, only 0.1% of initial amount of 1,2,5,5,6,9,10-HepCD was detected, which 

was attributed to the phytovolatilization of parent HepCD from the pumpkin shoots. 

However, the PUF disks accumulated a large amount of daughter chlorodecanes, which were 

much higher than those in roots and stems. This finding indicated that PUF disk exhibited 

relatively higher capability for adsorbing the airborne chlorinated decanes than pumpkin 

shoots. Because of the block of airborne chlorinated decane translocation from shoots to 

roots by PUF disk, the small amounts of daughter cholorodecanes detected in the roots and 

stems were only from plant biotransformation origin, which further verified the 

biotransformation ability of the pumpkin tissues. Namely, the parent compound could be 

transformed in the plant tissues and the daughter chlorodecanes could be phytovolatilized 

into air phase.

It was very interesting to find that the daughter chlorodecanes were not detectable in shoots 

of exposure group II, which was different from the result of the exposure group I, although 

the parent HepCD could be detected in PUF disks and the shoots of both exposure group I 

and II. It could be inexplicable that no daughter chlorodecanes were detected in shoots of 

exposure group II if the biotransformation of the parent compound happened in plant shoots. 

The fact that the parent chlorodecane was transformed in the air after phytovolatilization 

could give another possibility. Plants were reported to emit various volatile organic 

compounds (VOCs) in which the reactive VOCs played an important role in the generation 

of radicals, such as the OH radicals in the atmosphere (Atkinson and Arey, 2003). The 

reaction possibilities between CPs and OH radicals in the atmosphere were predicted 

through DFT, QSAR, and Atkinson’s OH-radical-reaction models (Atkinson, 1986; Li et al., 

2014; Liu et al., 2015), suggesting the possible transformation of chlorodecanes induced by 

the existence of reactive VOCs or radicals. As discussed above, the similar profiles of 
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daughter compounds in the shoots of blank controls and exposure group I further confirmed 

the possibility. It appeared that these two transformation processes, which were both related 

to pumpkins, might simultaneously exist for the parent compound of HepCD in the exposure 

system.

The congener profile of daughter chlorodecanes in PUF disks showed that the amount of 

C10H17Cl5 was the highest and followed by C10H16Cl6 and other C10H15Cl7, which were in 

contrast to the profiles in shoots of exposure group I. According to Collins et al. (2006), 

organic chemicals with high hydrophilism and vapor pressure are likely to be emitted from 

stomatal tissues of plants. SCCPs with a higher degree of chlorination have lower vapor 

pressure (Glüge et al., 2013). Therefore, C10H17Cl5 were much easier to be phytovolatilized 

from pumpkins than C10H16Cl6 and C10H15Cl7 after they were formed in the plants. While 

among the chlorodecanes formed in air phase, C10H17Cl5 also tend to persist in the air and 

was more difficult to be re-adsorbed and re-absorbed into the shoots due to its higher vapor 

pressure and volatility when compared to C10H16Cl6 and C10H15Cl7. That was why 

C10H17Cl5 was not found in shoots of exposure group I, but was highly accumulated in the 

PUF disks. The results of PUF disks verified that a large amount of C10H17Cl5 was 

produced and detained in the air phase.

3.4. Behaviors of chlorodecanes in pumpkins

According to the results of all those exposure groups and controls, besides the 

transformation and phytovolatilization processes, pumpkins in exposure group I have 

bidirectional translocation pathways, including uptake of chlorinated decanes from solution 

by roots and from air by shoots, translocation up from roots to shoots and down from shoots 

to roots. While for exposure group II, only absorption by roots existed and translocation up 

to shoots was predominant. For blank controls, there were only airborne chlorodecanes and 

the down to roots pathway was dominant. The various distributions of chlorinated decanes in 

the pumpkins in different groups were attributed to the comprehensive biological processes, 

and they were also affected by the physical and chemical properties of the parent and 

daughter chemicals.

3.5. Transformation pathways

The proposed transformation pathways of 1,2,5,5,6,9,10-HepCD related to young pumpkin 

plants are shown in Fig. 5, including the dechlorination and chlorine rearrangement 

processes. Chlorinated decanes with four or less chlorines which could not be detected by 

ECNI-MS (Eljarrat and Barceló, 2006 ) were likely produced in the exposure system.

In the sealed systems of exposure group II, all the bio-processes and potential losses were 

controlled and quantified, including loss through phytovolatilization which could not be 

quantified in exposure group I. Therefore, the fate of chlorinated decanes in the exposure 

group II was quantitatively studied (Table S5). The ratio of 53.3% was detected for parent 

HepCD in exposure group II. The transformation ratios of parent HepCD to other 

C10H15Cl7, C10H16Cl6 and C10H17Cl5 accounted for 4.0, 14.7 and 24.2%. The 3.8% non-

recovered 1,2,5,5,6,9,10-HepCD indicated the possibilities of further dechlorination or 

production other transformation products that have not been accounted for. Dehalogenation, 
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hydroxylation and even methoxylation are very common and important transformation 

pathways for organic pollutants in the environment. PCBs and PBDEs were able to be 

dehalogenated and hydroxylated by plants (Liu et al., 2009; Sun et al., 2013; Yu et al., 

2013). Dechlorination was also observed for chlorinated decane, although the structures of 

1,2,5,5,6,9,10-HepCD, PCBs and PBDEs were different. Thus, the chlorinated decanes in 

plants might also have metabolic pathways, such as methoxylation and hydroxylation in the 

similar way to some other POPs reported previously.

4. Conclusion

The uptake, translocation and transformation of 1,2,5,5,6,9,10-HepCD in intact plants were 

explored by the in-lab hydroponic exposure experiments. It was found that pumpkins have 

bidirectional translocation pathways, including uptake of chlorinated decanes from solutions 

by roots and from air by shoots, translocation up from roots to shoots and down from shoots 

to roots. Chlorinated decanes can be phytovolatilized by the pumpkins. Two pumpkin plant 

mediated biotransformation pathways were found. The parent HepCD was found to be 

dechlorinated and chlorine rearranged in the plant tissues. Possible transformation occurring 

in the atmosphere was also proposed for the phytovolatilized HepCD interfaced with the 

reactive VOCs or radicals emitted by the pumpkins. To our knowledge, this is the first report 

on the transformation of 1,2,5,5,6,9,10-HepCD mediated by pumpkin plants. Though the 

hydroponic exposure system was different from the real soil-plant system in which HepCD 

tended to adsorb to soil and probably had less bioavailability, the results of this research 

provide important information on potential fate and biodegradation of persistent and toxic 

chlorinated decanes in the environment. The transformation of SCCPs with different 

chlorine patterns in the compound or possible radicals involved process are worthy of further 

studies regarding the explanation of the environmental fates for SCCPs.
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Fig. 1. 
Experimental design for exposure and control groups. All the reactors were wrapped with 

aluminum foil to prevent photodegradation.
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Fig. 2. 
The amounts of parent 1,2,5,5,6,9,10-HepCD accumulated in different compartments of 

exposure systems and blank controls after pumpkins plants were hydroponically exposed for 

10 days. Glass walls mean the walls of big containers of the exposure group II.
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Fig. 3. 
The total amounts of daughter chlorodecanes accumulated in different compartments of 

exposure systems and blank control after pumpkins plants were hydroponically exposed for 

10 days. Glass walls mean the walls of big containers of the exposure group II.
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Fig. 4. 
The profile of 1,2,5,5,6,9,10-HepCD, other C10H15Cl7, C10H16Cl6 and C10H17Cl5 

congeners in exposure groups and unplanted controls.
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Fig. 5. 
The transformation pathways of 1,2,5,5,6,9,10-HepCD mediated by pumpkin seedlings. 

Values in the brackets are the transformation ratios of parent compound to the daughter 

compounds. Dotted arrow with the question mark is the pathway which possibly occurs but 

is not able to be detected by GC/ECNI-LRMS.
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