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Migration and transformation of organophosphorus flame

retardants in integrated vertical-flow constructed wetlands
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Abstract: Organophosphorus flame retardants (OPFRs) are a category of emerging contaminates, which poses
significant risks to human health and ecosystem. In this study, two typical OPFRs [tris (1-chloro-2-propyl)
phosphate (TCPP) and tris (2-chloroethyl) phosphate (TCEP)] were selected as target pollutants. The removal
efficiencies, concentration variations along the flow path and the accumulations of these two OPFRs in substrate

and plant in integrated vertical-flow constructed wetland (IVCW) with intermittent inflow were investigated.
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The inflow and outflow mass, accumulation and transformation of TCPP and TCEP in IVCW based on mass
balance were analyzed, and the possible transformation mechanisms were discussed. The results show that
IVCW could effectively remove TCPP and TCEP, and the removal rate of TCPP and TCEP in stable stage
after planting plants were 74.1% +5.3% and 49.3% £5.5%, respectively. Constructed wetland system was a
converter of OPFRs, and the mass of TCPP and TCEP transformed in IVCW was far greater than that
accumulated in substrate and plant (2.37% and 1.67%), which accounting for 59.72% and 44.6% of the total
mass flow into the IVCW. Microbial degradation in substrate was an important process of OPFRs removal, and
variations of TCPP and TCEP concentrations along the flow path were significantly correlated with the DO
consumption rate and the concentration of degradable organic matter. Plant can enhance the removal
performance, but due to the limitation of concentration in plant, it is not practical to significantly improve the

removal rate by harvesting or increasing planting density.

Keywords: organophosphorus flame retardants; wetland; microbial degradation; converter; wastewater

treatment
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Fig. 5 Mass balance of TCPP and TCEP in IVCW and their possible transformation mechanisms

R, HEE R 25 R T RE 1Y 3R 18 L I A P R
fife KA OGRE 2R K DL BHEE AR R N A A R e R
Wit 42 40 I % A FH 28 1 3 A RS CILIELS) .

S0 OPFRs 3 2 2o W 2 5 19 7K ik L K it 520 48
Pl 7 e A= W R A F TN T Y D K AR R
[ i JRE A, KR v o I R AR A A AR 2D PR
WAEMS S5 EY R R L AERT N, Hil%
W45 TCPP A1 TCEP 7% o P4 (9 7 2 25 bk 5 2
19 DO 434 (& 3) (7K v Sy [ A A HLA vk 4 B 1 A
Ko TiAh WEE R BEYLAE OPFRs 78 1 36 5%
B X ARV W b oK IR 2 g (B BT AR AR )
A RE S A AL K B . B TR OB IR AL 8
fifs L J2 TCPP F1 TCEP A] BB 1Y 5% Ak i 45 . SR M0, %
WA AT T OPF Rs S 19 5t 26 119, 5048 OPFRs
BOURTE HRFM T A KA. Y15 5T %
i TCPP Al TCEP M F1 78 R i AR T KAk, I
LV O PR P 7K A 36 J5 P 1 45 B8 R DS K T A A
VRCTET T A5 R S RD RO R AR ph 28 VR A BRI
wA MR R E Y X TCPP A1 TCEP EA5 B
9 B /R L WU ) TCPP A TCEP 1] R 7¢
A R DY 3E o A A AR A A D TR S A L
G W98 E BB OPFRs 76 /N 22 dhAC i A e,
INFE BFE T OPFRs #1112 h 5 5 76 1L 41 21 i ) 2]
TACE =8, T A0, 1 A ) IA 8 ok 7 s AR
WS A5 WL B 7% 31 R AR

2.4 #E13 OPFRs % BB S0

TR AR 9 1 5 N T8 b 56 2% B 4 OPFRs 25
B B X H R B AN L 6 TR o HEL 9 OPFRs 19 % B
A B HEH (P<0.05) , MM T EHY ARG, A
¥ 2 4c % TCPP Al TCEP 8°F 1 H K ik B 43 91 F
R 1 32.76% F129.52% P LBRE LI+ 16.21%
F19.42% . X 5 IR N T8 H A HE Y R G0t HE
R ff AT MLBE AR 25 19 R BRBE DX T RS h =
235 M1 B AR — 25, X E R AR A 4 B R
OPFRs % B 5T ik % 45 BR (9 1 o0 v A0, 9 16
OPFRs 2 FRAy oL # v rl G H 2 R R S MHEEER
AR B2 Wi, Lo As ) PR R AR T 7 S8 L 40
ALY AE AR AR R Al AR KRB IR Y

Lso Al BTN

1600

2 1400
)
& 1200
) o
# 1000 é
X 800 &=
H H
/& 600
[#9
[-™
S 4004 gk
200 K
00.0‘ RS
0- F k20

Eo6 FEEWRIEAIEHM TCPPF TCEP /KR EH
Fig. 6 The effluent concentrations and removal rates of
TCPP and TCEP in IVCW before and after planting



% 34

HEL,F  AMEBFLRA LA EARATIRN P TS 161

SFUL A BRI R YAR R A B A Pl
AE A TEAR R L b ik A0 o X A7 LTS e i 25 Bk o

3 #ig

DAIEHRT A 5.6 d. H#ETHRAT, 26 %E
WA T3t K o TCPP I TCEP A K4 1Y Bk
ROERMMEMEY IR E BTG Y LBk
B 74.1%+5.3% F49.3%£5.5%,

2) N TR H 2 G5 J2 OPFRs A WL 095546 2% , I\
DB Hb PN Ak 2 B B 43 43 ) o X T A OPF Rs S i A
Y 59.72% 44, 6%, 8 KT FAE FE TR AE ) N
By 2R R (4 5 & TCPP A TCEP % A & & 11
2.37% M 1.67%).

3) W b K 5T N A A 1 A W) R & OPFRs #% 4k
B B R 4%, TCPP Ml TCEP 78 1% M N /Y 1T 74 25 45
A DO W R IEFE 2R K T 5 Bl A WL
e AR A OC .

L) R R AL X TCPP F TCEP 24 Bk A9 42 1t 7E
W15, 5 i T AR P04k P OPFRs ¥ B 47 BR , 3 1 A1 4
WA ) g R A % R SR K 4 7 1 X OPFRs 2%
B A A AN AL,

5) 18 M2k 5 &R Gt OPFRs L HME A BR L, E
A7 ] 3 3 3 B A HL AN JC AL TR A G R S B
OPFRs A AL BT 7E & 57 4 52 AR 19 R 22 5 o

S % ik

[1] PANTELAKI I, VOUTSA D. Organophosphate flame
retardants (OPFRs): A review on analytical methods and
occurrence in wastewater and aquatic environment [J].
Science of the Total Environment, 2019, 649: 247-263.

[2] WANG Y, SUN H W, ZHU H K, et al. Occurrence

and distribution of organophosphate flame retardants

(OPFRs) in soil and outdoor settled dust from a multi-

waste recycling area in China [J]. Science of the Total

Environment, 2018, 625: 1056-1064.

RODRIGUEZ I, CALVO F, QUINTANA J B, et al.

—
w
[

Suitability of solid-phase microextraction for the

determination of organophosphate flame retardants and
plasticizers in  water samples [J]. Journal of
Chromatography A, 2006, 1108(2): 158-165.

GAO X Z, LINY Y, LI J Y, et al. Spatial pattern

—
e~
[

analysis reveals multiple sources of organophosphorus

flame retardants in coastal waters [J]. Journal of

[5]

[12]

Hazardous Materials, 2021, 417: 125882.

VEEN IVAN DER, DE BOER J. Phosphorus flame
retardants:  Properties,  production, environmental
occurrence, toxicity and analysis [J]. Chemosphere,
2012, 88(10): 1119-1153.

CRISTALE J, KATSOYIANNIS A, SWEETMAN
A J, et al. Occurrence and risk assessment of
organophosphorus and brominated flame retardants in
the River Aire (UK) [J]. Environmental Pollution, 2013,
179: 194-200.

DU Z K, WANG G W, GAO S X, et al. Aryl
organophosphate flame retardants induced cardiotoxicity
during  zebrafish  embryogenesis: By  disturbing
expression of the transcriptional regulators [J]. Aquatic
Toxicology, 2015, 161: 25-32.

KOJIMA H, TAKEUCHI S, ITOH T, et al. In vitro
endocrine disruption potential of organophosphate flame
retardants via human nuclear receptors [J]. Toxicology,
2013, 314(1): 76-83.
KANG Y, XIE H J, LI B, et al. Performance of
constructed wetlands and associated mechanisms of
PAHs removal with mussels [J]. Chemical Engineering
Journal, 2019, 357: 280-287.

CHEN Y, WEN Y, ZHOU J W, et al. Transformation
of chloroform in model treatment wetlands: From mass
balance to microbial analysis [J]. Environmental Science
&. Technology, 2015, 49(10): 6198-6205.
CHEN J F, TONG T L, JIANG X S, et al
Biodegradation of sulfonamides in both oxic and anoxic
zones of vertical flow constructed wetland and the
potential degraders [J]. Environmental Pollution, 2020,
265: 115040.

DELGADO N, BERMEO L, HOYOS D A, et al.
Occurrence and removal of pharmaceutical and personal
care  products subsurface  horizontal flow
constructed wetlands [J]. Water Research, 2020, 187:
116448.

MATAMOROS V, SALVADO V. Evaluation of the

using

seasonal performance of a water reclamation pond-
constructed wetland
contaminants [J]. Chemosphere, 2012, 86(2): 111-117.

CHEN Z A, REN G B, MA X D, et al. Presence of

system for removing emerging

polycyclic aromatic hydrocarbons among multi-media in
a typical constructed wetland located in the coastal

industrial zone, Tianjin, China: Occurrence



162

AR B xE A F RO E L

% 45 B

—
—_
(o}

=5

—
—
~

=

(18

[

[20]

(21]

[22]

characteristics,  source apportionment and model
simulation [J]. Science of the Total Environment, 2021,
800: 149601.
HU Y S,

ZHAO Y Q, ZHAO X H, et al

Comprehensive analysis of step-feeding strategy to
enhance biological nitrogen removal in alum sludge-
based tidal flow constructed wetlands [J]. Bioresource
Technology, 2012, 111: 27-35.

ffss, A, BB, . E AT TN R HAE /N
15 7K A B i (D], R R SR 5 3R TR, 2009, 31
(5): 122-126.

HE Q, WAN J, ZHAIJ, et al. The compound artificial
wetland and its application in treating wastewater in
small cities and towns [J]. Journal of Civil, Architectural
& Environmental Engineering, 2009, 31(5): 122-126.
(in Chinese)

Bl BT K A B S e W AR : GB 18918—2002[S . b
A E PR 2 R, 2002,

standard  of

pollutants  for municipal

GB 18918—2002 [S].

Discharge
wastewater treatment plant:
Beijing: China Environmental Science Press, 2002. (in
Chinese)

BROZ R RN AR M U 3 A 5 vk DML 4 b st
HEEREE AL, 2002.

WEI F S. Water and waste water monitoring and
analysis method [M]. 4th edition. Beijing: China
Environment Science Press, 2002. (in Chinese)

QIN P, LUS Y, LIU X H, et al. Removal of tri-(2-

chloroisopropyl) phosphate (TCPP) by three types of

constructed wetlands [J]. Science of the Total
Environment, 2020, 749: 141668.
BOATMAN R, CORLEY R, GREEN T, et al.

Review of studies concerning the tumorigenicity of 2-
butoxyethanol in B;Cs;F, mice and its relevance for
human risk assessment [J]. Journal of Toxicology and
Environmental Health Part B, Critical Reviews, 2004, 7
(5): 385-398.

FANG Y D, KIM E, STRATHMANN T J. Mineral-
and base-catalyzed hydrolysis of organophosphate flame
retardants: Potential major fate-controlling sink in soil
and aquatic environments [J]. Environmental Science &
Technology, 2018, 52(4): 1997-2006.

TRAK, EREME, RIEEE, SO AL A B R
K8 BF 5T (0], BR B RL 2 5 HR 2010, 33(10):
154-157.

(28]

[31]

ZHANG J B, WANG X X, LIP P, et al. Treatment of
methamidophos wastewater with constructed wetland
[J]. Environmental Science &. Technology, 2010, 33
(10): 154-157. (in Chinese)

AW, SN, B LA, S LR TR i 5 B e
5 23875 Y PERE R A T (7). RERF | 2005, 26(1): 51-55.
YUAN D H, JING L J, GAO S X, et al. Analysis on
the removal efficiency of phosphorus in some substrates
used in constructed wetland systems [J]. Environmental
Science, 2005, 26(1): 51-55. (in Chinese)
WANG Q Z, ZHAO H X, BEKELE T G, et al.
Organophosphate esters (OPEs) in wetland soil and
Suaeda salsa from intertidal Laizhou Bay, North China:
Levels, distribution, and soil-plant transfer model [J].
Science of the Total Environment, 2021, 764: 142891.
YANG F, WANG M, WANG Z Y. Sorption behavior
of 17 phthalic acid esters on three soils: Effects of pH
and dissolved organic matter, sorption coefficient
measurement and QSPR study [J]. Chemosphere, 2013,
93(1): 82-89.

CAO D D, GUO J H, WANG Y W, et al
Organophosphate esters in sediment of the great lakes
[J]. Environmental Science &. Technology, 2017, 51(3):
1441-1449.

WANG W, DENG S B, LI D Y, et al. Adsorptive
removal of organophosphate flame retardants from water
by non-ionic resins [J]. Chemical Engineering Journal,
2018, 354: 105-112.

SEEGER E M, REICHE N, KUSCHK P, et al.
Performance evaluation using a three compartment mass
balance for the removal of volatile organic compounds in
pilot scale constructed wetlands [J]. Environmental
Science & Technology, 2011, 45(19): 8467-8474.
WANG Q Z, ZHAO H X, XU L, et al. Uptake and
translocation of organophosphate flame retardants
(OPFRs) by hydroponically grown wheat (Triticum
L) [J].
Safety, 2019, 174: 683-689.

YANG L S, YIN Z, TIAN Y J, et al. A new and

aestivum Ecotoxicology and Environmental

systematic review on the efficiency and mechanism of
different techniques for OPFRs removal from aqueous
environments [J]. Journal of Hazardous Materials, 2022,
431: 128517.

MABEY W, MILL T. Critical review of hydrolysis of
in water under environmental

organic compounds



# HEL,F  AMEBFLRA LA EARATIRN P TS 163

[l

conditions [J]. Journal of Physical and Chemical
Reference Data, 1978, 7(2): 383-415.

CRISTALE J, DANTAS R F, DE LUCA A, et al.
Role of oxygen and DOM in sunlight induced
photodegradation of organophosphorous flame retardants
in river water [J]. Journal of Hazardous Materials, 2017,
323: 242-249.

ZHANG Q, MEI W P, JIANG L F, et al
Environmental fate and effects of organophosphate flame
retardants in the soil-plant system [J]. Soil Ecology
Letters, 2021, 3(3): 178-188.

WAN W N, HUANG H L, LV J T, et al. Uptake,
translocation, and biotransformation of
organophosphorus esters in wheat (Triticum aestivum 1..)
[J]. Environmental Science &. Technology, 2017, 51
(23): 13649-13658.

IMFELD G, BRAECKEVELT M, KUSCHK P, et
al. Monitoring and assessing processes of organic
chemicals removal in constructed wetlands [J].

Chemosphere, 2009, 74(3): 349-362.

[36] ELSAESSER D, BLANKENBERG A G B, GEIST

A, et al. Assessing the influence of vegetation on
reduction of pesticide concentration in experimental
surface flow constructed wetlands: Application of the
toxic units approach [J]. Ecological Engineering, 2011,
37(6): 955-962.

VYMAZAL J, T, #5245 . 4050 6 N T3
W75 Kk A B P g AR ). g oK AR 2021, 37(2):
25-30.

VYMAZAL J, WEI T, ZHAO Y Q, et al. Counting
the roles of plants in constructed wetlands for wastewater
treatment [J]. China Water & Wastewater, 2021, 37(2):
25-30. (in Chinese)

MA XY, DUY L, PENG W Q, et al. Modeling the
impacts of plants and internal organic carbon on
remediation performance in the integrated vertical flow
constructed wetland [J]. Water Research, 2021, 204:
117635.

(i H3E)



