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alic acid dieters with dissolved
organic matter by an anaerobic/anoxic/oxic
leachate treatment process

Chengran Fang, *a Hongzhi Maoa and Yuyang Longb

The removal of di-n-butyl phthalate (DBP) and di(2-ethylhexyl) phthalate (DEHP) with dissolved organic

matter (DOM) was studied in a laboratory scale anaerobic/anoxic/oxic reactor for landfill leachate

treatment. The removal rate was up to 98.0% for DBP and 78.2% for DEHP, which was related to

humification of DOM (i.e., the aromaticity and molecular weight (MW) of humic substances in landfill

leachate). The dissolved organic carbon (DOC) was mostly humic acid and fulvic acid in the fraction of

1–100 kDa MW, indicating strong aromaticity and a high DBP/DEHP concentration. With complete

removal of the fraction, the removal rate of DBP/DEHP was also high. The positive correlation of the

DOC and DBP/DEHP concentration in raw leachate and the effluent from each reactor showed that the

interaction between DOM and DBP/DEHP facilitated the removal of organic pollutants.
1. Introduction

Landll leachate is a typical wastewater with a high concen-
tration of organic matter and difficult biodegradable
compounds because of its complex composition that poses
a great threat to the environment.1,2 Environmental endocrine
disrupting compounds (EDCs) are exogenous substances that
may lead to endocrine disorders in organisms.3 Phthalic acid
diesters (PAEs) are a type of EDCs that are widely used as
plasticizers in plastics.4 PAEs have estrogenic effects and can
destroy the hormonal balance of human beings, animals and
their offspring.5,6 Among PAEs, di-n-butyl phthalate (DBP) and
di(2-ethylhexyl) phthalate (DEHP) are the most widely used and
are considered to be the main substance that produces estrogen
in leachate.7,8

Dissolved organic matter (DOM) in landll leachate is
mainly distributed in humic acid (HA), fulvic acid (FA) and
hydrophilic organic components (HyI). Research shows that
hydrophobic DOMwith a molecular weight of 3–14 kDa and less
than 600 Da is the primary source of estrogen production in
leachate.9,10 The aromaticity and humication degree of DOM
will gradually increase with the age of leachate.11 The molecular
weight of refractory organic matter in moderately aged and old
leachate is mainly distributed in the components of 10–100 kDa
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and less than 3.5 kDa. These mainly consist of HA and FA
humus, with the HA content being higher than the FA.12 These
organic components can improve the apparent solubility of
hydrophobic PAEs and play an important role in their removal
from leachate.11–13 HA fragments contain many PAEs with
concentration distributions that increase exponentially with the
molecular weight of DOM fragments, demonstrating there is
a strong interaction between DOM and PAEs. This interaction
may be related to the hydrogen bonds of phenolic, hydroxyl or
amide groups in DOM. Peptide bonds present in HA can explain
the strong attraction of HA to PAEs.14–16

In recent years, studies of DOM in landll leachate have
focused on the structural characteristics of DOM and its varia-
tion with different landll treatment systems and landll
time.17 However, few studies have investigated changes in DOM
in the landll leachate treatment process. In addition, few
studies have investigated the relationship between PAEs
removal and DOM composition in landll leachate treatment
processes. Moreover, the main processes studied are advanced
treatment technologies such as physicochemistry and
combined processes.18 In this paper, the typical biological
process anaerobic/anoxic/oxic (A/A/O) was used to treat landll
leachate to investigate the relationship between the removal
rates of DBP and DEHP and the formation and properties of
DOM in leachate before and aer treatment.
2. Experimental
2.1. Reagents

The dichloromethane and methanol used in this study were of
high-performance liquid chromatography grade, while all of the
other reagents were of analytical grade. The water used in the
RSC Adv., 2019, 9, 38807–38813 | 38807
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experiment was generated by a Milli-Q system. DBP and DEHP
($99%) and all of the other reagents were obtained from
Tianjin Siyou Co. (Tianjin, China).
2.2. Sample collection

Leachate and sludge samples were collected from a MSW
landll leachate treatment facility in the Yuhang district of
Hangzhou, China that has been operating since 1996. Leachate
samples were taken from the adjusting pool, and sludge
samples were collected from the anaerobic and aerobic pools.
The pH of the raw leachate was 7.69, while the TOC, COD, BOD,
TN, NH4

+–N, NO3
�–N, and TP values were 398, 1095, 221, 306,

236, 43, and 0.4 mg L�1, respectively. These ndings indicate
that the leachate is old. The B/C ratio of the leachate was only
0.20 and the leachate biodegradability was very low. The orig-
inal DBP and DEHP concentrations in this leachate were 39.5
and 51.7 mg L�1, respectively, conrming the presence of PAEs.19

The anaerobic sludge was black with a particle size of 0.26 mm,
density of 1.05 g cm�1, SVI of 47.71 mL g�1 and SV30 of 15.5%.
The aerobic sludge was brown with a particle size of 4.82 mm,
density of 1.01 g cm�1, SVI of 51.85 mL g�1, and SV30 of 16.0%.
2.3. Experimental set-up and operation conditions

A schematic diagram of the experimental set-up is shown in
Fig. 1. The laboratory-scale A/A/O system consisted of a 6 L
anaerobic reactor (A1), a 6 L anoxic reactor (A2), a 24 L oxic
reactor (O1, O2, O3, and O4), and a 25 L sedimentation reactor,
which were all made of Plexiglas. Motor-driven mixers were
used in the anaerobic and anoxic reactors. Three air pumps and
a set of diffusion aerators were used to supply air to the oxic
reactor. A peristaltic pump was used to automatically ll the
system from the feed tank. The sludge was returned from the
bottom of the settling reactor to the anaerobic reactor via
a peristaltic pump. The mixed liquor was recycled from the oxic
reactor to the anoxic reactor by a peristaltic pump. The
Fig. 1 Schematic diagram of the A/A/O system.

38808 | RSC Adv., 2019, 9, 38807–38813
circulation ratios for the sludge and mixed liquor were one and
two, respectively.

The entire system was placed in a temperature-controlled
room at 25 �C. The dissolved oxygen contents in the anaer-
obic, anoxic, and oxic reactors were measured using a dissolved
oxygen meter (HQ30d, HACH) and found to be in the ranges of
0.11–0.31, 0.16–0.48, and 6.60–7.53 mg L�1, respectively. The
mixed liquor suspended solid concentration in the system was
2500 mg L�1. The HRT was 3.6 d and the SRT was 30 d. The
system was operated continuously for 6 months.
2.4. Analytical methods

The sludge indices, such as the SVI and MLSS, were determined
using the standard methods.20 The indices, including the pH,
TOC, COD, BOD5, TN, NH4

+–N, NO3
�–N, TP, Pb, Cr, Cd, Hg and

As concentrations were monitored in the samples from each
unit of the leachate treatment system. The Pb, Cr, Cd, Hg and As
concentrations were determined using the standard methods.20

The leachate pH was determined using a pH meter (FE20,
Mettler), the TOC concentration was determined with a TOC
analyzer (Shimadzu), the COD concentration was determined
with a COD analyzer (DBR200, DR1010, HACH), the BOD
concentration was determined with a BOD analyzer (Trak II,
HACH) and TN, NH4

+–N, NO3
�–N, and TP concentrations were

determined with a continuous ow analyzer (AA3, Seal).
The samples for organic component analysis were processed

as follows: the leachate was ltered through 0.45 mm millipore
lters (Menbrana, Germany), then was ultraltered through
different sized MW ultraltration membranes (100 kDa, 10 kDa,
and 1 kDa, Millipore, USA). The dissolved organic carbon (DOC)
was subsequently measured using a total organic carbon
analyzer (Multi N/C3100; Analytik Jena AG, Germany).

Leachate from low to high concentrations was used to start
the reactor. Aer the reactor reached stable operation, the target
DBP and DEHP were added to give an initial PAE concentration
of 300.0 mg L�1. The leachate sample extraction was conducted
This journal is © The Royal Society of Chemistry 2019
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as follows. The HC–C18 cartridges (500 mg/3 mL, CNWBOND)
were conditioned with 6 mL of methanol and 6 mL of pure
water. Then the leachate sample (8 mL) was passed through the
activated cartridge at a ow rate of 1.0 mLmin�1. The cartridges
were subsequently washed using 5 mL methanol : water (4 : 6
v : v), vacuumed for 30 s, and dried under nitrogen ow for
5 min. The extracted compounds were then eluted with 5 mL of
methanol, aer which the eluate was concentrated to 1.0 mL
under a gentle stream of nitrogen. Next, the target DBP and
DEHP were analyzed by high-performance liquid chromatog-
raphy (e2695, Waters, USA). To accomplish this, the extracted
sample was injected onto a sunre-C18 column (4.6 � 150 mm,
5 mm, column temperature 25 �C) using a methanol : water
(90 : 10 v : v) mixture as the mobile phase at a ow rate of 1.0
mL min�1. The concentration was determined by an ultraviolet
detector set to 225 nm, and the injection volume was 40 mL. The
recoveries of DBP in the leachate and sludge were 66.1–74.4%
and 73.6–97.6%, respectively, while those of DEHP in the
leachate and sludge were 84.2–95.9% and 66.2–107.2%. The
detection limits of DBP and DEHP were 0.1 and 0.2 mg L�1,
respectively.
3. Results and discussion
3.1. Removal of COD and other leachate contaminants

The efficiencies of COD, BOD5, TN, NH4
+–N, NO3

�–N, TP, Pb,
Cr, Cd, Hg and As removal from the leachate by the treatment
process are given in Table 1. The removal efficiencies were not
high. Specically, the removal efficiencies of COD and BOD5

were 46.8% and 50.5% respectively, the process had a very small
effect on NH4

+–N and no NO3
�–N was removed. Aer the

leachate was processed by all of the treatments, the removal
efficiencies of TN and TP were 41.4% and 62.7%, respectively.
Among metals, Pb, Cr, Cd, Hg and As were detected in all of the
leachate samples. The treatment system removed all of the
metals but, the removal efficiencies differed. Specically, the
removal efficiencies of Pb, Cd, Hg and As were 20.0%, 50.0%,
33.3% and 17.6%, respectively, while it is only 5.1% for Cr. With
the exception of Hg and As, none of the other parameters of the
leachate met the standards for pollution control of the MSW
landll site.21 These ndings indicate that the effluent from the
bioreactor must be treated again by other methods, such as
membranes.22
3.2. Removal of TOC

TOC represents the level of organic matter in wastewater based
on the carbon content. The TOC value was better than the COD
Table 1 Removal efficiencies of leachate contaminants

Parameter COD BOD5 TN NH4
+–N NO3

�–N

Inuent (mg L�1) 1095 279 181 173 6.8
Effluent (mg L�1) 582 138 106 89 6.7
Removal (%) 46.8 50.5 41.4 48.6 1.5

This journal is © The Royal Society of Chemistry 2019
at reecting removal of organic matter in leachate in this bio-
logical treatment process. The TOC concentration was
393.0 mg L�1 in inuent, while it was 26.0 mg L�1 in effluent,
giving a removal rate of 93.4%. These ndings indicate the
biological treatment process had a good removal effect on
organic matter. Landll leachate mainly contains three kinds of
organic compounds with molecular weight.23 Small molecular
organic compounds were primarily composed of volatile fatty
acids (VFA) and amino acids, which are easily biodegradable.
The molecular weight of middle molecular weight organic
matter is generally between 500 and 10 000 Da, mainly is fulvic
acid. These materials contain carboxyl groups and phenolic
hydroxyl groups. These substances are not only difficult to
biodegrade, but also pass through microltration membranes,
which is the cause of high COD levels in effluent. High molec-
ular weight organic compounds are primarily composed of
polysaccharides, proteins and humic acids, which are difficult
to biodegrade under normal conditions.

Based on the classication of the above organic components,
the removal efficiency of TOC in the four molecular weight
interception regions aer treatment was determined (Fig. 2). As
shown in Fig. 2, the removal rate of TOC was high in each
interception molecular weight range. When the molecular
weight of components was less than 1 kDa, the inuent
concentration of TOC was 62.0 mg L�1 and the TOC removal
rate was 95.8%. The highest concentration of inuent TOC
(182.1 mg L�1) was found for organic components that weighed
between 1 and 10 kDa, which resulted in an effluent TOC
concentration of 21.5 mg L�1 and a removal rate of 88.2%.
Among the components weighing between 10 and 100 kDa, the
removal rate of the inuent TOC was highest, with a removal of
97.6% being observed when the inuent concentration of TOC
was 95.4 mg L�1. Among the components weighing more than
100 kDa, the TOC concentration was lowest (46.0 mg L�1) and
the removal rate was 85.6%. These ndings indicate that the
main components of the landll leachate were with molecular
weights of 1–100 kDa. A large number of organic components
were removed by this biological treatment process.
3.3. Removal of PAEs

The mean concentrations of DBP and DEHP in the leachate
decreased from 300.0 to 6.1 mg L�1 and from 300.0 to 65.5 mg
L�1, respectively, following leachate treatment, which included
the A1, A2, O1, O2, O3 and O4 units (Fig. 3). These ndings
indicate that this treatment process had high simultaneous
removal efficiencies for the two pollutants. The nal DBP
removal efficiency was 98.0%, and there were only trace levels of
TP Pb Cr Cd Hg As

10.2 0.15 0.29 0.08 0.09 mg L�1 9.1 mg L�1

3.8 0.12 0.26 0.04 0.06 mg L�1 7.5 mg L�1

62.7 20.0 5.1 50.0 33.3 17.6

RSC Adv., 2019, 9, 38807–38813 | 38809
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Fig. 2 Distribution and removal of TOC in different MW fractions
before and after treatment.
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DBP in the effluent. In addition, DBP had a high removal effi-
ciency of 95.5% aer the anaerobic treatment, aer which it was
further degraded by each step. The DBP residual concentration
in the oxic reactor was less than in the anaerobic and anoxic
reactors, which is in agreement with the results of previous
studies.24 The removal efficiency of DEHP was not as high as
that of DBP in the treatment process, with the overall removal
only reaching 78.2%. The removal rate of DEHP in the initial
anaerobic reactor was only 43.2%. Although DEHP has stronger
hydrophobicity and stronger affinity to sludge adsorption, its
removal rate was lower than that of DBP. These ndings indi-
cated that the removal effect of sludge adsorption is limited and
that degradation by anaerobic microorganisms was dominant
Fig. 3 Effluent concentration and removal efficiency of DBP and DEHP

38810 | RSC Adv., 2019, 9, 38807–38813
in this process, which is similar to the results of a study re-
ported by Asakura.25 The DEHP removal efficiency in the oxic
reactor was clearly higher than those in the anaerobic and
anoxic reactors. Overall, the results of this study show that the
degradation rate of DEHP was much lower than that of DBP,
although DBP and DEHP were degraded to a certain extent
during landll leachate treatment.
3.4. Correlation between dissolved organic carbon and PAEs
removal

DOM, which comprises the main fraction of leachate organics
and is the primary source of residual COD, is usually expressed
as DOC concentration (mg L�1) and has a signicant effect on
the transformation, degradation, and bioavailability of organic
matter in leachate. DOM adsorption of organic pollutants is by
hydrogen bond, van der Waals force and hydrophobic interac-
tion. DOM is mainly composed of humic acid and has a high
adsorption capacity for PAEs.13 The distribution of DBP and
DEHP in different MW fractions of DOC in raw leachate is
shown in Fig. 4. The results showed that DOC occurred in the
highest concentration of the 1–10 kDa MW fraction, and that
the DBP and DEHP concentrations were also higher in this
fraction than in other MW fractions. The distribution of DOC
and PAE concentrations between different MW ranges was the
same and was positively correlated to some extent.

As shown in Fig. 5, the distribution of DOC and PAEs
between the leachate treatment units was also similar. With
movement from one treatment process to the next, DBP,
DEHP, and DOC concentrations all decreased and showed
some positive correlations with one another. These ndings
indicate that there may be some interaction between DOM
in each unit.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Distribution of DBP and DEHP in different MW fractions of DOC
in raw leachate.
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and PAEs, which had some effect on the removal of PAEs in
leachate.26
Fig. 5 Concentration of DOC and PAEs of each unit during the
leachate treatment process.
3.5. Relationship between dissolved organic matter
humication and PAEs removal rate

The content of humic acid in leachate increases with increased
landll age. Humic acid is an important component of DOM in
aged landll leachate that is difficult to biodegrade and causes
problems during leachate treatment. Many studies have
conrmed the adsorption of humus on PAEs.27 The binding
strength primarily depends on the hydrophobicity of PAEs and
the structure and composition of humus. The molecular weight
and aromaticity of DOM in humus are important characteristics
determining the interaction between DOM and PAEs, and
a higher the aromaticity of humus is associated with a higher
molecular weight and a stronger association reaction with
PAEs.28–32 As a result, the humication of DOM is enhanced, the
adsorption of PAEs is enhanced, and the removal of PAEs is
affected.

The DOC value and PAE concentration distribution of water
samples in different molecular weight components before and
aer treatment are shown in Fig. 6. The DOC value of the
inuent was high in organic fractions with different molecular
weights, with the maximum value of 178 mg L�1 appearing in
components of 1–10 kDa. When combined with the distribution
of organic components of TOC in Fig. 2, it can be seen that both
TOC and DOC values showed the highest concentration of
organic components in the molecular weight range of 1–10 kDa,
indicating that organic compounds in this weight range have
high aromaticity. Aer treatment, the DOC of each molecular
weight interval decreased accordingly.

The DBP and DEHP in raw leachate was mainly observed in
the 1–10 kDa MW fraction, and the DOC value was also rela-
tively high in this fraction. These ndings indicate that the
degree of humication of DOM in leachate was high, and its
adsorption effect on DBP and DEHP was signicant. Following
treatment, the removal rate of DOC was high in components
with molecular weights ranging from 1 to 100 kDa, and was
This journal is © The Royal Society of Chemistry 2019
greater than that observed for other molecular intervals. Addi-
tionally, the removal rate of DBP and DEHP was over 90% at this
time point, which was greater than that of other molecular
regions. These ndings indicate that the adsorption effect
between DOM and PAEs indirectly inuences the removal effi-
ciency of PAEs. The main function of DOM is to provide
a growth substrate for bacteria. PAEs are used effectively by
microorganisms when they are absorbed onto the DOM in high
quantities. The octanol–water partitioning coefficient (Kow) of
DEHP is higher than that of DBP, and DEHP has a greater ability
to adsorb organic molecules. In the present study, the DEHP
concentrations were all higher than those of DBP when the MW
of the organic fraction exceeded 1 kDa. Correspondingly, aer
process treatment, the removal rate of DBP was higher than that
of DEHP for components with molecular weights less than 1
kDa, while the removal rates were similar for components with
molecular weights greater than 100 kDa.

Overall, the results indicated the interaction between
DOM and PAEs inuenced PAE removal. Humus is a major
component of DOM in aged landll leachate that has an
aromaticity and molecular weight that determine the inter-
action with PAEs, which inuences the removal rate of PAEs.
Some similar results were obtained from the study which
evaluated the removal of PAEs in leachate by a coagulation
and occulation process. The removal of PAEs in the leachate
was related to the hydrophobicity of PAEs and the MW of the
leachate DOM. The decrease of the PAEs concentrations had
a close relationship with the high aromaticity and large MW
of the DOM present in the raw leachate.16 Hydrophobic
contaminants with high Kow and DOM in leachate can be
removed simultaneously through the complexation–occu-
lation process.17 In this study, both DOC and PAE concen-
trations were relatively high in raw leachate in the 1–100 kDa
MW fraction, and the PAE removal efficiencies were higher
when the DOC concentrations were lower in this fraction. The
positive correlation between DOC and PAE concentration in
raw leachate and in each treatment unit indicates that a high
abundance of humus in leachate facilitates the removal of
PAEs during the leachate treatment process.
RSC Adv., 2019, 9, 38807–38813 | 38811
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Fig. 6 Change of DOC and PAEs in different size fractions of DOM before and after treatment (a) DBP, (b) DEHP, (c) DOC.
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4. Conclusions

For aged landll leachate, the A/A/O process has a good removal
effect on DBP and DEHP, with removal efficiencies reaching
98.0% and 78.2%, respectively. In addition, there was a positive
correlation between DOC and PAEs concentration in landll
raw leachate and process treatment. The results also showed
that the adsorption of PAEs by DOM in leachate is benecial to
the effective removal of DBP and DEHP in the leachate treat-
ment process, and that DOM humication was closely related to
PAEs removal. Finally, DOC was mainly distributed in the 1–100
kDa region, as were the aromatic components of humus and
PAEs. Overall, the effective reduction of DOC and aromaticity of
PAEs resulted in a signicant improvement in PAEs removal
efficiency.
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