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ABSTRACT

Non-wood pulp and paper mills (PMs) with chlorine bleaching, which was identified as a primary
pollution source of polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs) in water environment,
are still widely distributed around important rivers and lakes. The composition profiles and
risk assessment of PCDD/Fs in water and sediments around a non-wood PM, in which a chlorine
bleaching treatment is applied, were evaluated. PCDD/Fs concentrations in downstream water and
sediments were 0.44 and 1.10 x 10° pg TEQ kg, respectively, which were noticeably higher than these
in upstream water and sediments. It is, therefore, important to take into account the cumulative effect
of pollution by these effluent emissions from non-wood PMs. PCDD/Fs analysis provided further
information about PCDD/Fs contamination from non-wood PMs. The environmental risk for fish in
water and sediment was low, while for mammalian wildlife in water environment was high, with the

risk quotient values higher than 7.00.
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1. Introduction

Polychlorinated ~ dibenzo-p-dioxins ~ and  furans
(PCDD/Fs) have been widely concerned due to their ubiq-
uity, high toxicity and potential risk [1]. Non-wood pulp
and paper mills (PMs) with chlorine bleaching, which was
identified as a primary pollution source of PCDD/Fs in water
environment [2], are still widely distributed in China, India
and Southeast Asia [3-5]. It was reported that about 53%
of the world’s non-wood pulp in 2013 [6,7] was produced
in China, while this was 80% in 1998 [8]. The freshwater
consumption of non-wood PMs is huge. Therefore, almost
all of the non-wood PMs in China were distributed around
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rivers or lakes, leading to serious pollution of the water and
sediment environment around the non-wood PMs.

World widely, extraordinary work has been committed
to studying the PCDD/Fs emission in PMs [1,9,10]. One of
the important deliverables is the “UNEP Toolkit”, which
provided a method to assess the PCDD/Fs emission from
wood PMs, especially to assess the PCDD/Fs emission
from wood PMs in the countries or regions without direct
data [11]. And in recent years a few studies have reported
the PCDD/Fs release distribution from non-wood PMs with
chlorine bleaching in China [12-16]. Wang et al. [14,16]
described the PCDD/F emissions and kinetics formation from
Chinese non-wood PMs. Fang et al. [15] recently reported
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PCDD/F concentrations and profiles from non-wood PMs
with enzyme-aided bleaching processes. From the respect
of environmental impact and risk assessment of non-wood
PMs to water environment, more efforts were focused on
the traditional water quality index such as chemical oxygen
demand, ammonia nitrogen. Studies on the PCDD/Fs emis-
sion and risk assessment from non-wood PMs to water envi-
ronment were rare, especially considering the persistence of
PCDD/Fs in water and sediment.

In order to better understand the environmental fate,
potential for long-range environmental transport, and risk
assessment for the local inhabitants, the composition profiles
and risk assessment of PCDD/Fs in water and sediments
around a non-wood PM, in which a chlorine bleaching
treatment is applied, were evaluated in this study.

2. Materials and methods
2.1. PM process

A non-wood PM located in Dongting Lake (Hunan
province of China), in which chlorine-alkaline extraction—
hypochlorite bleaching (CEH) process is applied, was
selected as a case study. The designed yield and real yield of
the mill was 6.00 x 10* tons of air-dried pulp per year (Adt/y)
and 5.40 x 10* Adt/y, respectively. The core processes of the
mill were as follows: (1) raw material preparation, (2) alka-
line digestion to dissolve lignin and extraction with the help
of white liquor (mixture of NaOH and Na,S), (3) pulp bleach-
ing with CEH process, and (4) paper product making with
paper briquetting machine. The bleaching wastewater was
finally sent to a wastewater treatment plant (WWTP) for fur-
ther treatment, and then emitted to the Cao Wei river.

2.2. Sampling points and methods

Samples R2 and S2 were collected from the sample
point 2# (Fig. 1). R2 consists of effluents from the WWTP
and Sample S2 consists of sludge from the sample WWTP
(Table 1).

To evaluate the environmental impact and risk for the
local inhabitants, the sample point 1# was placed upstream
and sample point 3# downstream of the Cao Wei river.
Further, the Dongting Lake was set as a sample point 44
(Fig. 1), from where water sample R4 and sediment sample
S4 were collected (Table 1). Water samples (samples of
R1, R2, R3 and R4) were collected and concentrated using
site-enrichment consumables with 0.45-um glass fibre filter
membrane and XAD-2 resin, and prior to liquid sample,
a certain quantity of isotope-labeled PCDD/Fs would be
spiked into XAD-2 resin. Sludge samples (S2) were collected
using stainless steel grab or shovel. Sediment samples (S1, S3
and S4) were collected by Peterson grab. All of these samples
were stored below 4°C and in brown wide-mouthed jars for
further analysis.

2.3. PCDD/Fs analysis

The PCDD/Fs were analyzed with the methods of China
National stander (CNS) of HJ 77.1-2008, HJ 77.3-2008 and HJ
77.3-2008, with an Agilent 6890N gas chromatography coupled
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Fig. 1. Study area and sample points analyzed.

Table 1
Description of sample points and samples
Sample points Water Sediment  Sludge
samples samples samples
Upstream of the Cao  R1 S1 -
Wei river (1#)
WWTP (2#) R2 - 52
Downstream of the R3 S3 -
Cao Wei river (3#)
Dongting Lake (4#) R4 S4 -

with JEOL JMS-800D high-resolution mass spectrometer
(HRMS). The analysis procedure was described in previous
study [17], with main steps as follows: (1) about 10 g of dried
sample spiked with 1 ng of 13C-labeled PCDD/Fs was soxhlet
extracted for 16 h with 300 mL of toluene; (2) the extracts were
concentrated and then purified through separating funnels, a
multi-layer silica gel column and silica-gel dispersed carbon
column in turns; (3) spiked with 13C-labeled internal stan-
dards (EDF-5431, Cambridge Isotope Laboratories, Andover,
MA, USA) as syringe spike and concentrated to 50 pL for
instrumental analysis. The temperature programs used for
determination were as follows: the initial oven temperature
was set at 130°C for 1 min, and then increased at 15°C/min to
210°C, at 3°C/min up to 310°C, and at 5°C/min up to 320°C
with a final hold time of 10 min. The HRMS is operated in an
electron impact (38 eV) and selected ion monitoring mode at
a resolution R > 10,000 (10% valley).
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Fig. 2. PCDD/Fs concentration in (a) PCDD/Fs concentration in water—Cao Wei river water (R1 and R3), Dongting Lake water (R4)
and WWTP effluent (R2); (b) PCDD/Fs concentration in sediment and sludge—Cao Wei river sediments (S1 and S3), Dongting Lake

sediments (54) and WWTP sludge (S2).

2.4. Quality assurance and quality control

Quality assurance and quality control were conducted in
accordance with the requirement of USEPA method 1613 and
Chinese national standard method. The recoveries of labeled
surrogate, the sample detection limit and the sample quantity
limit were controlled in accordance with the requirement of HJ
77.x-2008, and USEPA method 1613. The laboratory was also
authorized with a Certificate of Accreditation for PCDD/Fs
testing, and has often participated in interlaboratory PCDD/F
analysis assessments.

2.5. Environment risk assessment

According to technical guidance on the environment risk
assessment of the European Union, the risk quotient (RQ)
was applied to assess the environment risk of the PCDD/Fs
in Cao Wei river and Dongting Lake. The RQ is the ratio of
the measured environmental concentration and predicted no
effect concentration (PNEC) [18], which is shown in Eq. (1).

RQ = MEC/PNEC 1)

where PNEC values are usually derived from dividing the
experiment of acute and chronic toxicity data (LC50, EC50
and NOEC, etc.) by the assessment factors (AFs). The toxicity
data can be obtained by ECTOX query, and the range of
AF is from 10 to 1,000 [19]. According to the RQ values,
environmental risk can be divided into three grades: (a) the
low environmental risk, with RQ in the range of 0.01-0.10;
(b) the medium environmental risk, with RQ in the range of
0.10-1.00; and (c) the high environment risk, with RQ greater
than 1.00.

3. Results and discussion
3.1. TEQ values of PCDD/Fs in water and sediments

In a previously study [17], the PCDD/Fs concentrations
in the bleaching wastewater were determined to be within
the ranges of 3.50-5.30 pg TEQ L. Then, the bleaching
wastewater was treated by the WWTP. An activated sludge

process followed by advanced treatment was applied in the
WWTP to remove the organic matters and absorbable organic
halide. Meanwhile this process was invalid for the removal of
PCDD/Fs. However, the PCDD/Fs concentration of effluent
of WWTP (R2) was 0.48 pg TEQ L™ (Fig. 2), which was lower
than that of the influent (i.e., bleaching wastewater). Due to
the hydrophobic nature of PCDD/Fs [20], the difference of the
PCDD/Fs between influent and effluent was mainly adsorbed
by the sludge, with PCDD/Fs concentration of sludge in the
WWTP (S2) reaching up to 1.30 x 10* pg TEQ kg™ (Fig. 2).
The effluent of the WWTP was then discharged to the Cao
Wei river. The PCDD/Fs concentration in the downstream
water (R3) and sediment (S3) was 0.44 pg TEQ L' and
1.10 x 10° pg TEQ kg™, respectively, which was noticeably
higher than in upstream water (R1, 0.28 pg TEQ L™) and
sediment (S1, 0.45 x 10° pg TEQ kg™) (Fig. 2). It is, therefore,
important to take into account the cumulative effect of the
pollution by these effluent discharges from non-wood PMs.
Considering the PCDD/Fs in sediment was characterized
by cumulative pollution, the negative impacts to the envi-
ronment from the mill are long term. It was reported that
hundreds of thousands of noon-wood PMs were located
around Dongting Lake during 1990s to early of 2000s, with
most of these being small in scale with backwards technol-
ogy and environmental protection facilities, leading to the
serious pollution of the Dongting Lake. Therefore, to protect
the environment, from 2005 to 2007, most of the small-scale
mills were closed, with only a small amount of reserved mills
were required to update their technology and environmen-
tal protection facilities to meet the environmental standards.
However, due to the persistence of PCDD/Fs, the concentra-
tions of PCDD/Fs in Dongting Lake were still higher with 0.33
pg TEQ L in water and 1.70 x 10° pg TEQ kg™ in sediment.

3.2. PCDD/Fs congener profiles in water and sediments

The PCDD/Fs congener profiles and mass concentrations
in water and sediment are shown in Fig. 3. The total mass
concentration of the 17 PCDD/Fs congeners in water varied
from 4.10 to 5.90 pg L', however, in the sediment samples,
these concentrations reached values from 9.20 x 10° to 1.95 x
10° pg kg . The mass concentrations of PCDD/Fs in S3 and S4



322 Q. Xiao et al. / Desalination and Water Treatment 129 (2018) 319-324

4.0 (@)

3.0 -

2.0 -

concentration (pg/L)

10000
—~ w«,} ~ ~ ~
1000 m51 m52 53 m54
)
a
= 100
X
= 10 _ - -
.g
£ (I SO, T BN . -
=
(0]
2
g 01 -4 A1 1A BIEEE BB . - Bh
Q
0.01 A
S LSS S S S S S S S
g AR S I S ) <L o T KRR )
AY Al A QT WY AT AT AT AT Y Y A Y
A AP P P v \'\f’" ,\,f L N I A LI LA
e N \:\'“ \r}'" \:?" \'«V \:V q::’” N4 \::’” \::’“

Fig. 3. PCDD/Fs congeners profile in (a) PCDD/Fs congeners profiles in water—Cao Wei river water (R1 and R3), Dongting Lake
water (R4) and WWTP effluent (R2); (b) PCDD/Fs congeners profile in sediment and sludge—Cao Wei river sediments (S1 and S3),

Dongting Lake sediments (S4) and WWTP sludge (S2).

were obviously higher than in S1, indicating a significant
source of pollution from the PMs around Dongting Lake. For
individual PCDD/Fs, the OCDD congener had the greatest
concentration in the water and sediment, followed by 2,3,7,8-
TeCDF; 1,2,3,7,8-PeCDF in water; and 1,2,3,4,6,7,8-HpCDD
in sediment. Especially in S3 and S4, OCDD accounted for
96.50% and 97.40% of the total mass PCDD/Fs. This may be
due to low-chlorinated PCDD/Fs were with smaller distribu-
tion coefficient (the logKow values), leading them relatively
difficult to distribute to the sediment [21-23].

It was observed that the PCDD/Fs congeners profile
of R1 and R4 were similar, while R2 and R3 were similar
(see Fig. 4(a)), indicating a significant source of pollution
from the WWTP effluent. However, due to the persistence
of PCDD/Fs and its long-term cumulative pollution in sed-
iment, the PCDD/Fs congener profiles of S3 and S4 were

similar, but those of S3 and S1 were different (see Fig. 4(b)).
Based on these results, there is further proof of the PMs
being significant sources of pollution. It is surprising that
the PCDD/Fs congeners profile of water and sediment in the
same sampling point was all totally different from each other.
A possible explanation is the intermolecular dispersive inter-
actions and thus the more chlorine in the PCDD/F molecules,
the greater the logKow values, leading PCDD/Fs congeners
in water and sediment were different [23].

3.3. The risk assessment of PCDD/Fs

Based on US EPA’s interim report on the data and methods
for assessment of 2,3,7,8-tetrachlorodibenzo-p-dioxin risks to
aquatic life and associated wildlife [24], the minimum risk
threshold value for fish and mammalian wildlife was listed
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Fig. 4. Comparative analysis of PCDD/Fs congeners profile in (a) PCDD/Fs congeners profiles in water —Cao Wei river water (R1 and
R3), Dongting Lake water (R4) and WWTP effluent (R2); (b) PCDD/Fs congeners profile in sediment and sludge—Cao Wei river
sediments (S1 and S3), Dongting Lake sediments (S4) and WWTP sludge (S2).

Table 2
Environmental risk assessment associated with PCDD/Fs risk to fish and mammalian wildlife
Organism Environment PNEC RQ in Sample 1# RQ in Sample 3# RQ in Sample 4#
Fish Water 3.10 0.09 0.14 0.23
Sediment 60.00 0.01 0.02 0.03
Mammalian wildlife Water 0.04 7.00 11.00 17.50
Sediment 2.50 0.18 0.44 0.68

in Table 2. The RQ values for fish in water environment were
0.09, 0.14 and 0.23, respectively, and in sediment environ-
ment, they were all below 0.10, suggesting a low environ-
mental risk. However, considering the environmental risk
to mammalian wildlife and human beings, it is essential to
apply the PNEC for mammalian wildlife to calculate the
RQ. The results showed that the RQ values for mammalian
wildlife in water environment were 7.00, 11.00 and 17.50,
respectively, while in sediment, they were 0.18, 0.44 and
0.68, respectively, suggesting a high environmental risk in
water environment and medium environment risk in sedi-
ment environment. Therefore, in future, the mills around
Dongting Lake should update their pulp bleaching process to
reduce their dioxin emission levels, and convert pulp bleach-
ing process from CEH to elemental chlorine free or totally
chlorine free, which been proven to be an effective way to
reduce dioxin emissions. Furthermore, to ensure the security
of the drinking water for the people around Dongting Lake,
a proper drinking water purification process that ensure the
removal of PCDD/Fs should be considered.

4. Conclusion

PMs were one of the most significant emission sources
of PCDD/Fs. There were numerous non-wood PMs in
China, yielding 6.80 million tons in 2015 [6]. The freshwater
consumption of non-wood PMs is huge. Therefore, almost
all of the non-wood PMs in China were distributed around
rivers or lakes, leading to serious pollution of the water and
sediment environments around the non-wood PMs. We con-
ducted a detailed survey of the PCDD/Fs concentrations and

congener profile distributions in the water and sediment
environment of Dongting Lake. Generally, PCDD/Fs
concentrations in downstream water (R3) and sediment (S3)
were 0.44 and 1.10 x 10° pg TEQ kg™, respectively, which
were noticeably higher than in upstream water (R1) and
sediment (S1), indicating that the WWTP effluent from the
pulp mill could be a source of pollution. This possibility was
further proven by analyzing the PCDD/Fs congener profiles
in water and sediment. Among the individual PCDD/Fs, the
OCDD congener had the greatest concentration in the water
and sediment, followed by 2,3,7,8-TeCDF; 1,2,3,7,8-PeCDF in
water; and 1,2,3,4,6,7,8-HpCDD in sediment. The RQ values
for fish were below 0.30 and 0.10 in the water and sediments,
respectively, suggesting a low environmental risk. However,
the RQ values for mammalian wildlife were all higher than
7.00 in water environment, suggesting a high environmental
risk in water environment. In the future, more efforts should
be devoted to updating pulp bleaching process to reduce the
levels of dioxin emissions from pulp mills.

References

[1] H. Fiedler, National PCDD/PCDF release inventories under
the Stockholm Convention on Persistent Organic Pollutants,
Chemosphere, 67 (2007) S96-5108.

[2] Ministry of Environmental Protection of the People’s
Republic of China, The People’s Republic of China—National
Implementation Plan for the Stockholm Convention on
Persistent Organic Pollutants, Ministry of Environmental
Protection of the People’s Republic of China, Beijng, 2007.

[3] B. Rolf, J. Christina, L.L. Ke, L. Yngve, Non-wood pulping
technology present status and future, IPPTA ], 21 (2009)
115-120.



324

[4]

(5]

(6]
[7]

(8]
191

[10]

[11]

[12]

[13]

[14]

[13]

Q. Xiao et al. / Desalination and Water Treatment 129 (2018) 319-324

N.P. Thacker, V.C. Nitnaware, S.K. Das, S. Devotta, Dioxin
formation in pulp and paper mills of India, Environ. Sci. Pollut.
Res. Int., 14 (2007) 225-226.

N. Oanh, A comparative study of effluent toxicity for three
chlorine-bleached pulp and paper mills in Southeast Asia,
Resour. Conserv. Recycl., 18 (1996) 87-105.

China Paper Association, The Annual Report of China Pulp and
Paper Industry in 2015, China Paper Association, Beijng, 2016.
Y.Y. Qi, F. Ning, Status and Analysis of Global Pulp and Paper
Making Industries, 2nd Forum about Dev. Pulp Pap. Mak.
Equipments, Liaocheng, 2013, pp.29-61.

L. Paavilainen, European prospects for using non-wood fibers,
Pulp & Paper Int., 40 (1998) 61-66.

H. Fiedler, Release Inventories of Polychlorinated Dibenzo-p-
Dioxins and Polychlorinated Dibenzofurans, M. Alaee, Ed.,
Springer International Publishing, Cham, 2016, pp. 1-27.

B. Wang, H. Fiedler, J. Huang, S. Deng, Y. Wang, G. Yu, A
primary estimate of global PCDD/F release based on the
quantity and quality of national economic and social activities,
Chemosphere, 151 (2016) 303-309.

UNEP, Standardized Toolkit for Identification and
Quantification of Releases of Dioxins, Furans and Other
Unintentional POPs, UNEP Chemicals Geneva, Switzerland,
2013.

M. Zheng, Z. Bao, K. Wang, X. Xu, Levels of PCDDs and PCDFs
in the bleached pulp from Chinese pulp and paper industry.,
Bull. Environ. Contam. Toxicol., 59 (1997) 90-93.

M.H. Zheng, Z.C. Bao, B. Zhang, X.B. Xu, Polychlorinated
dibenzo-p-dioxins and dibenzofurans in paper making from a
pulp mill in China, Chemosphere, 44 (2001) 1335-1337.

X. Wang, Y. Ni, H. Zhang, X. Zhang, J. Chen, Formation and
emission of PCDD/Fs in Chinese non-wood pulp and paper
mills, Environ. Sci. Technol., 46 (2012) 12234-12240.

L. Fang, M. Zheng, G. Liu, Y. Zhao, W. Liu, L. Huang, L. Guo,
Unexpected promotion of PCDD/F formation by enzyme-aided
Cl, bleaching in non-wood pulp and paper mill, Chemosphere,
168 (2017) 523-528.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

X. Wang, H. Zhang, Y. Ni, Q. Du, X. Zhang, J. Chen, Kinetics
of PCDD/Fs formation from non-wood pulp bleaching with
chlorine, Environ. Sci. Technol., 48 (2014) 4361-4367.

Q. Xiao, X. Song, W. Li, Y. Zhang, H. Wang, A primary estimation
of PCDD/Fs release reduction from non-wood pulp and paper
industry in China based on the investigation of pulp bleaching
with chlorine converting to chlorine dioxide, Chemosphere, 185
(2017) 329-335.

C.Yan, Y. Yang, J. Zhou, M. Liu, M. Nie, H. Shi, L. Gu, Antibiotics
in the surface water of the Yangtze Estuary: occurrence,
distribution and risk assessment, Environ. Pollut., 175 (2013)
22-29.

ZY. T, W. L, LJ. N, Using different toxicological end points to
evaluate phenolic compounds for ecological hazard and risk, J.
Ecol. Rural Environ., 32 (2016) 326-331.

E.N. Sappington, A. Balasubramani, H.S. Rifai, Polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/
Fs) in municipal and industrial effluents, Chemosphere, 133
(2015) 82-89.

D.G. Crosby, KW. Moilanen, A.S. Wong, Environmental
generation and degradation of dibenzodioxins and
dibenzofurans, Environ. Health Perspect., 5 (1973) 259-266.

L. Qiaona, W. Lijing, Z. Xingru, T. Zebin, W. Shanjun, Z. Binghui,
Occurrence of PCDD/Fs in sediments of Dongting Lake and the
effect of hydrodynamic on their distribution, Environ. Chem.,
34 (2015) 741-747.

J. Chen, X. Quan, Z. Yazhi, Y. Yan, F. Yang, Quantitative
structure—property relationship studies on n-octanol/water
partitioning coefficients of PCDD/Fs, Chemosphere, 44 (2001)
1369-1374.

U.S. Environmental Protection Agency, Interim Report on Data
and Methods for Assessment of 2,3,7,8-Tetrachlorodibenzo-
p-dioxin Risks to Aquatic Life and Associated Wildlife, U.S.
Environmental Protection Agency, Washington, D.C., 1993.



