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ABSTRACT

In the work, the effect of 2-chlorophenol and 2,4,6-trichlorophenol on the performance of a sequencing
batch reactor operated with suspended municipal recycle activated sludge (RAS) in terms of total car-
bon and total nitrogen removal is presented. The total carbon removal achieved ranged in 80%-100%
and total nitrogen removal in 10%—-84%. The results showed that chlorophenols did not inhibit either
the activated sludge growth or the total carbon removal significantly. However, inhibition is observed
in total nitrogen removal. 2-chlorophenol inhibited the ammonium oxidation (nitrification) while such
an effect was not observed in the case of 2,4,6-trichlorophenol indicating that the later inhibits the
ammonification step. Moreover, the results indicated that total removal of both chlorophenols was

achieved during the first day of the processing.
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1. Introduction

Chlorophenols represent the group of phenols in which
chlorine atoms substitute hydrogen ions. There are many
structural types of chlorophenols characterized by the num-
ber of chlorine atoms: monochlorophenols, dichlorophenols,
trichlorophenols, tetrachlorophenols, and pentachloro-
phenol [1]. Chlorophenols have environmental and indus-
trial origins. In environment, chlorophenols are produced
through chlorination of mono and polyaromatic compounds
in soil and water [2]. Industrial activities such as oil refining,
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textile, paper, and pulp productions contribute to the pres-
ence of chlorophenols in effluents [3,4]. Uncontrolled dis-
charge or poor treatment of wastewater containing chloro-
phenols poses serious hazards to the aquatic life and human
health [2,5] and it is high importance to reduce chlorophenol
concentrations below the levels set by legislation.

Activated sludge sequencing batch reactor (SBR) is
consider to be one of the best available and well know
technique to treat chlorophenolic compounds existing in
waste waters [6,7]. It has several advantages over continu-
ous flow reactors such as operating flexibility and control,
limited environmental footprint, combination of equaliza-
tion, primary clarification, biological treatment, secondary
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clarification in one reactor vessel, and potential cost savings
by eliminating clarifiers [6,7]. The performance of SBRs in
treating phenolic wastewater has been studied in hybrid
growth (HG) and suspended growth (5G) modes. HG mode
showed slightly higher phenol removal efficiency than SG;
for phenol concentrations 25, 50, 75, and 100 mg/L, HG SBR
achieved removal efficiencies of 100%, 97%, 96%, and 89%
compared with 99%, 95%, 86%, and 79% by SG SBR, respec-
tively [7]. When 2,4-TCP concentration was increased from
5 to 15 and 30 mg/L, the removal efficiency dropped from
100% to about 91% and 41%, respectively [8]. In SBRs, robust
performance of activated sludge in chlorophenols removal
is achieved by transforming it to aerobic granules. Aerobic
granules are formed by aggregation of activated sludge
into spherical flocs. Several factors such as the presence of
hydrophobic bacteria, aeration rate, short settling time, and
feed composition affect the aerobic granules formation. The
performance of SBRs with aerobic granules for the treat-
ment of 2-chlorophenol in a wastewater showed 94% COD
removal efficiency [9]. Aerobic granules sustained increasing
2-chlorophenol concentrations from 20 to 140 mg/L; varia-
tion of 2-CP did not affect the formation of aerobic granules.
Aerobic granules were also reported to successfully remove
2,4,6-TCP at concentrations up to 100 mg/L [10]. Above 93%
of 2,4,6-TCP removal was observed on the 42nd day out of
50 d after achieving full granulation in a sequencing batch
airlift reactor (SBAR) [10,11]. For wastewater containing
2,4,6-TCP in the range of 10-360 mg/L, the removal efficien-
cies were more than 90%. Activated sludge in the form of
aerobic granules was more resistant to washout and could
tolerate higher organic loading rates compared with its sus-
pended form [12]. Additionally, the performance of SBRs can
also be affected when treating mixtures of different phenolic
compounds. The biodegradation of a mixture of monosubsti-
tuted phenols such as P-nitrophenol (PNP) and PNP/o-cresol
was fully achieved [13]. However, the biodegradation of PNP
and o-cresol was inhibited due to the presence of o-chloro-
phenol (2-CP). Such an impact on biodegradation means that
o-chlorophenol is highly toxic.

In biodegrading chlorophenols, bacteria can consume
these toxic compounds as the sole carbon source for con-
tinuous growth [14]. However, in higher concentrations,
chlorophenols can inhibit the carbon oxidation and the easily
degradable carbon sources such as glucose or sodium ace-
tate, can facilitate faster bacteria growth. Increasing bacteria
growth, in turn, can help to reduce the inhibiting impact of
chlorophenols and to accelerate their degradation rates [11,15].

In addition to the presence of cosubstrates such as glu-
cose or sodium acetate, the aeration during feed filling in
SBRs can also affect pollutants” removal. SBR reactor include
FILL, REACT, SETTLE, and DRAW process stages. The
performance of two SBRs with aerated and anaerobic FILL
modes that treated wastewater with phenol concentrations
from 100 to 1,000 mg/L was compared, and it was shown
that the different operation modes showed no meaningful
variations, resulting in removal efficiencies above 99% at all
concentrations [16]. SBR with aerated FILL showed faster
biodegradation rate of phenol during REACT stage com-
pared with SBR with anaerobic FILL. This was explained by
the fact that some of the phenols were already biodegraded
during the aerated FILL stage. Thus, with aerated FILL stage,

SBR needed shorter duration of REACT stage [17]. As a
result, higher phenol removal could be achieved at 934 mg/L
and as phenol was degradable at aerobic conditions, accu-
mulation of phenols during anaerobic FILL stage caused
stress on bacteria the nitrogen and phosphorus removal in an
intermittently aerated (IASBR) and in a SBR was also studied
[18]. IASBR had three nonaeration and aeration cycles during
REACT phase while SBR had one. SBR showed higher COD
removal efficiency compared with IASBR. However, IASBR
showed better performance than SBR regarding total nitro-
gen, ammonium, and phosphorus removal efficiency. Table 1
summarizes the response of activated sludge to the presence
of phenol and various forms of chlorophenols in SBRs.

It can be concluded (Table 1) that, chlorophenols have
a stronger negative impact on nitrification compared with
the organic carbon removal [19]. Even complete removal of
chlorophenols does not guarantee successful nitrification
[20-22]. This demonstrates that nitrifying bacteria are very
sensitive and weak to pollutants compared with heterotro-
phic bacteria.

The aim of this study was to investigate the impact of
2-CP and 2,4,6-TCP on the performance of suspended acti-
vated sludge in an aerated SBR. The effect of 2-CP and 2,4,6-
TCP was studied by measuring the bacteria growth as total
suspended solids (TSS), total organic carbon (TOC), total
nitrogen (TN), nitrates production (NO;"), and phenols deg-
radation. Moreover, the effect of aeration on the removal of
2-CP, 2,4,6-TCP, TOC and TN was examined.

2. Materials and methods
2.1. Sequencing batch reactors

Two plexiglass Armfield W11 reactors were used. They
had a cylindrical shape with inner diameter and height of
24 and 30 cm, respectively, and working volume of 6.7 L. In
total 2.2 L of synthetic wastewater, 2.5 L of sludge, and 2 L
of tap water were mixed in the reactors. Each reactor was
equipped with a peristaltic pump that could be reconfigured
to fill the reactor with the influent and to draw the effluent.
At the bottom of each reactor, four equally-spaced in square
pattern, internal aerators were located. The aeration rate
was 3.0 L/min. An additional external aerator was added to
ensure suspension of the activated sludge during the oper-
ation. The hydraulic retention time was 1.43 d and the TSS
1.88 £0.42 g/L. The inhibitor reactor contained chlorophenols
while the baseline (control) reactor not.

Nonacclimatized recycle activated sludge (RAS) was
sampled from the local Municipal Wastewater Treatment
Plant (Astana, Kazakhstan) with an estimated VSS of 80%
w/w. After sampling, the sludge was aerated for 24 h in order
to reach endogenous respiration conditions. The initial reac-
tor concentration of the wastewater is shown in Table 2.

Experiments were conducted for two concentrations of
2-CP, 17 + 0.5 (E1) and 51 + 1 (E2) and one for 2,4,6-TCP,
20 + 4 mg/L (E3). Sodium acetate was added to baseline
and inhibitor feed solutions to correct the TC concentration.
The indicated concentrations are the averages of several
experiments.

The average TOC, TN, and ammonium (NH;) concen-
trations in the final feed solution with correction to reactor
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Table 1
Summary of studies on phenols effects on activated sludge SBRs performance
Phenol Concentration  SBR cycles Phenols COD/ammonium References
(mg/L) degradation removal
2,4-Dichlorophenol 5 (Stage 2) Total cycle length: 24 h * 100% (Stage 2) * /100% (Stage 2) [8]
15 (Stage 3) e Fill: 2 * 91% (Stage 3) */100% (Stage 3)
30 (Stage 4) * React: 12 (9: nitrification 3: ~ ® 41 % (Stage 4) */25% (Stage 4)
denitrification)
* Settle: 1h
* Draw:1h
e Idle:8h
4-Chlorophenol 200 Not available 34% 76%/72% [19]

4-Chlorophenol 2 (Phase 1-2)

5 (Phase 3-4) eFill: 1h
® React: 22

e Settle, Draw: 1

Phase 2. Total cycle length: 12 h

o Fill: 1
® React: 10
eSettle, Draw: 1

Phase 1. Total cycle length: 24 h

100% (Phase 1-2)  <90%/nitrification [20]
inhibition (Phase 1)
<90%/very high

ammonium removal
(Phase 2—4)

100% (Phase 3—4)

Phase 3—4. Total cycle length: 6 h

oFill: 1
eReact: 4
eSettle, Draw: 1

Phenol e 0-400

* 400-600

e Fill: N/A

® React: 1 h (anaerobic), 3 h

* 95%
* 65%

* <95%/<90% [21]
. 79%/78%

(oxic), 1 h (anoxic), 1 h (oxic)

e Settle: 0.75 h
e Draw: N/A

Table 2
Synthetic wastewater composition

Component Concentration (g/L)
Glucose 0.53

Bacterial peptone 0.16

Lab Lemco 0.31

Ammonium hydrogen carbonate 0.05

Potassium hydrogen carbonate 0.03

Sodium hydrogen carbonate 0.03

FeCl, 0.33 %107

CaCl, 0.33 %107

KCl 0.06 x 107

volume are 305 + 19, 41.5 + 1.8, and 11.7 + 0.7 mg/L, respec-
tively. The pH of the feed solution was in the range of
7.51-7.98.

The SBR cycle 24 h includes four stages: FILL (1 h) and
REACT (20 h) under aeration while SETTLE (2 h) and DRAW
(1 h) without. 2.2 L of feed solution was pumped into each
reactor during the FILL stage. Then during REACT and

SETTLE stages, the same 2.2 L of solution from the reactors
were pumped out. The cycle was repeated for 8 d to process
17.5 L of feed solution.

The pH and dissolved oxygen (DO) were measured by
means of Mettler Toledo FE20 and WTW inoLab Oxi 7310,
respectively. The measurements were taken at the end of
previous REACT and at the beginning of next REACT stages.
Samples for TC, TN, ion chromatograph (IC), and high-
performance liquid chromatography (HPLC) were taken
from the 2.2 L effluent solutions of the reactors. The samples
were filtered through 0.45 um syringe filters. The samples
were stored at 4°C after acidification to pH 2 by use of 30%
v/v sulfuric acid. TSS for each reactor was sampled twice
and filtered through vacuum pump using 1.2 um GF/F glass
microfiber filters.

2.2. Air stripping experiments

The air stripping experiments aimed at studying the effect
of aeration on the removal of volatile compounds found in
the synthetic wastewater. The wastewater composition was
the same as in the rest of the experiments (Table 2). The same
operating volumes were used in both reactors. The aeration
modes used are indicated in Table 3.
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Table 3
Different experiment modes for air stripping experiment

Run # Description Aeration mode; magnitude Purpose

1 Without sludge; synthetic wastewater Internal and external; To evaluate the role of aeration in TC
without chlorophenol maximum (both) removal

2 With sludge; synthetic wastewater Internal and external; To evaluate the combined role of
without chlorophenol maximum (both) sludge and aerators in TC removal

3 Without sludge; synthetic wastewater Internal and external; To evaluate the role of sole aeration in
with 2-CP maximum (both) TC and 2-CP removal

4 Without sludge; synthetic wastewater Internal and external; To evaluate the role of sole aeration in
with 2,4,6-TCP maximum (both) TC and 2,4,6-TCP removal

5 Without sludge; synthetic wastewater Internal; maximum To evaluate the role of reactor aerator
without chlorophenol in TC removal

6 Without sludge; synthetic wastewater Internal; half To evaluate the role of reactor aerator

without hlorophenol

in TC removal

2.3. Analytical methods

Ammonium and nitrate ions were analyzed using 930
Compact IC Flex (Metrohm). 2-CP and 2,4,6-TCP were ana-
lyzed by Agilent 1290 UHPLC Infinity II. Multi N/C 3100
by Analytik Jena AG was used to measure TC and TN.
For microbiological analyses, samples of activated sludge
were seeded in disposable plastic Pasteur dishes filled with
standard agar feeding media using microbiological loop in
aseptic conditions of laminate hood (class 2), and cultivated
in incubator for 24 h at 37°C.

3. Results and discussion
3.1. Air stripping

The results of air stripping experiments are presented in
Fig. 1. In the absence of sludge, internal and external aera-
tors contributed to significant TC removal of 43.9% at 21 h of
experiment. The addition of sludge resulted in a considerably
higher removal of 85.1% of TC. Also, internal and external

350.0
300.0
250.0

200.0

mg/L)

S 150.0

T

100.0

50.0

0.0

0 4 8 12 16 20 24 28
Time (h)

—&— Internal and external aeration; without sludge
—fi—Internal and external aeration; with sludge
Maximum internal aeration; without sludge

—=— Half-maximum internal aeration; without sludge

Fig. 1. TC removal dynamics.

aerations accounted for 29.4% and 10.5% removal of 2-CP
and 2,4,6-TCP, respectively. These results show that chloro-
phenols were relatively resistant to stripping and present in
the solution in considerable concentrations throughout the
experiment. In the absence of activated sludge (Fig. 1) and
up to 8 h of experiment, there was limited carbon removal
while the addition of activated sludge increased carbon
removal up to 50%. The overall contribution of air stripping
to carbon removal was much less than the 43.9% observed in
the absence of activated sludge.

The lowest possible contribution from aeration could be
achieved by using only internal aeration. Maximum internal
aeration at 3.0 L/min resulted in 34.9% TC removal, and inter-
nal aeration at the half rate of 1.5 L/min resulted in 28.6% TC
removal. Thus, even with mild aeration the contribution of
stripping to the TC removal cannot be ignored, at least for
lengthy experiments.

3.2. pH and dissolved oxygen

pH and DO are important operational parameters that
affect bacteria activity. Figs. 2—4 present the pH values for
El, E2, and E3, respectively. At the beginning of the REACT
stage, 10% v/v HCl was added dropwise in order to set the
initial pH at 7-7.5. As it is evident, pH increased during
the REACT phase up to 8-8.5. The optimum pH value for
biodegradation is between 6.5 and 8.5 [23]. Also, for nitri-
fication, the pH optimum range is from 7.5 to 8.5. Serious
inhibition of nitrification took place at pH below 6 [24,25].
Thus, the observed pH range in E1, E2, and E3 experiments
were within the limits for suitable biodegradation and
nitrification processes.

The DO evolution for E1, E2, and E3 presents similari-
ties with the pH as indicated in Figs. 5-7. DO was low at the
beginning of REACT stage and increased by the end of the
same stage. Oxygen consumption starts during the aerated
FILL stage and low DO was associated with ongoing biodeg-
radation and nitrification. By the end of the REACT stage,
the decrease in oxygen consumption resulted in DO rise. DO
for E1, E2, and E3 varied between about 0.8 and 7.5 mg O,/L.
The favorable DO values for aerobic bacteria activity were
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Fig. 2. pH evolution (E1).
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Fig. 4. pH evolution (E3).

between 0.5 and 2.0 mg O,/L [23]. Observed DO values in E1,
E2, and E3 were sufficiently high to provide the bacteria with
adequate oxygen levels.

3.3. Total suspended solids

2-CP and 2,4,6-TCP, being toxic, can inhibit the bacte-
ria growth. Nevertheless, with some fluctuations, bacte-
ria in all experimental runs showed a progressive growth

8 —_
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=
[-11]
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£ —@=E12-CP
0 ‘ . . ‘
0 50 100 150 200
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Fig. 5. DO evolution (E1).
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Fig. 6. DO evolution (E2).
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Fig. 7. DO data for (E3).

trend throughout experiments, as shown in Figs. 8 and 9.
Therefore, chlorophenols did not inhibit the bacteria growth
at the concentrations used. Probably, this happened due to
the availability of easily biodegradable organic compounds
in the synthetic wastewater.

3.4. TC removal results

TC removal per TSS (or specific substrate utilization rate)
was used to evaluate the activity of bacteria. Figs. 10 and 11
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Fig. 8. TSS evolution (E1 and E2).
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Fig. 9. TSS evolution (E3).
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Fig. 10. TC removal per TSS (E1 and E2).
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Fig. 11. TC removal per TSS data (E3).

present TC removals per TSS for El, E2, and E3 baseline
and inhibitor reactors. All reactors, with some fluctuations,
showed decreasing specific substrate utilization values. The
reduction of the specific substrate utilization rate indicated
that the bacteria activity decreased also with time. However,
2-CP at high concentration showed systematically lower val-
ues, which was an indication of carbon oxidation inhibition.

As expected, the TC removal was high and almost con-
stant, as shown in Figs. 12 and 13. Evidently, the decrease of
the substrate utilization rate was compensated by the increase
of bacteria population in the reactors. The TC removal results
showed no inhibition. According to literature, phenols exhibit
different toxicity depending on several factors such as polar-
ity, hydrophobicity, solubility, and volatility and the toxic-
ity toward carbon oxidation was found to follow the order
2-chlorophenol > nitrophenol > phenol > resorcinol [26,27].
In particular, 2-chlorophenol inhibited carbon oxidation by
almost 100%, but the concentration used in this study was
200 mg/L or higher.

3.5. TN removal results

TN removal per TSS in E1, E2, and E3 also showed
decreasing trends, as indicated in Figs. 14 and 15. However,
inhibitor reactors E1 and E2 had much lower removal trends
compared with specific TC removals in the same experi-
ments. TN removals per TSS in E1 and E2 approached zero
values by the end of experiments. This was a strong indica-
tion of activity reduction of the nitrogen removing bacteria in
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Fig. 12. TC removal (E1 and E2).
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Fig. 13. TC removal (E3).
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Fig. 15. TN removal per TSS (E3).

2-CP experiments, which was more potent in the higher 2-CP
concentration. However, no clear conclusion can be drawn
as the specific TN removal decreased in the baseline reactors
as well. The trends were different in the case of 2,4,6-TCP,
where the differences between the baseline and inhibitor
reactors were progressively less important than for 2-CP for
longer times.

TN removal (Figs. 16 and 17) for E1 inhibitor reactor did
not exceed 20%, which was low compared with TC removal
achieved above 80%. Similarly, for E2 inhibitor reactor, low
TN removal per TSS resulted in a TN removal not exceeding
50%. In contrast to it, the TC removal for the E2 Inhibitor
reactor was more than 80%. TN removal in E3 Inhibitor
reactor showed a similar to TN removal per TSS trend. The
relatively high TN removal can be explained by the com-
bined effect of volatilization during the REACT step, the
update of nitrogen by the microbes and the denitrification
during the SETTLE and DRAW steps which last 3 h in total
under absence of aeration.

3.6. Ammonium consumption and nitrates production
(nitrification)

While TN showed inhibitory effects of both chloro-
phenols, the cause seems to be different for each of them.
Ammonium measurements showed significant inhibition of
ammonia oxidation in the case of 2-CP (Fig. 18). As it is clear,
compared with inhibitor reactors, E1 and E2 baseline reac-
tors demonstrated 100% ammonium removal. Studies have
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= 60 -
>
o
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20
0 T : <
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Fig. 16. TN removal (E1 and E2).
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Fig. 17. TN removal (E3).
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Fig. 18. Effluent ammonium concentration (E1 and E2).

shown that phenols inhibit all bioprocesses but not to the
same degree. For instance, autotrophic biomass (nitrification)
was found to be more sensitive to phenol and nitrophenol
than the aerobic heterotrophic biomass (carbon oxidation) in
the concentrations range of 10-50 mg/L [28].

In contrast, at the presence of 2,4,6-TCP, ammonium
oxidation was almost complete, as shown in Fig. 19 and the
TN inhibition is probably due to ammonification problems.
These results indicate that 2-CP was more toxic to nitrifying
bacteria than 2,4,6-TCP. It was not clear whether the inhibi-
tion was temporary or permanent; research has shown that
after stopping 2,4-dichlorophenol feeding, nitrification was
gradually recovered [8].
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Fig. 19. Effluent ammonium concentration (E3).

Fig. 20 presents the nitrate production in the reactors.
Close to zero nitrate production in E1 and E2 inhibitor reac-
tors and increasing nitrate production in E1 and E2 baseline
reactors confirmed the observations on ammonium con-
sumption, and it was clear that nitrification was inhibited by
2-CP. In contrast, nitrate production in the case of 2,4,6-TCP
seemed to not be affected (Fig. 21).

In all the reactors, an initial decrease and then gradual
increase of nitrates concentration were observed. However,
the high concentration of nitrates at the beginning of the
experiment was due to the residual nitrates contained in the
activated sludge, which dropped due to the anaerobic condi-
tions during the settling stage of the SBR. Then, the nitrates
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Fig. 20. Nitrates production (E1 and E2).
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Fig. 21. Nitrates production (E3).

concentration gradually increased due to the acclimatization
of the nitrifying bacteria and in the case of 2,4,6-TCP the
degradation of the compound. The exception was the 2-CP
reactors where nitrification seemed to be impaired.

The results of the microbiological analysis of activated
sludge after 8 d contact with feed containing 2-CP is shown in
Fig. 22. The results showed that bacterial concentration was
very high in all samples. As it is evident, the activated sludge,
which was in contact with 2-CP feed, showed mono-cultured
(homogeneous, presumably a single type of bacteria) colo-
nies with higher density of bacteria seeding compared with
the activated sludge, which was in contact with feed with-
out phenols. In the later, at least three bacteria varieties (one
of them opalescent) were determined, including one colony
of fungi (presumably from Candida genus), all marked with
cycles in Fig. 22. Although qualitative, it is a clear evidence of
disappearance of some microbe types due to the toxic effect
of 2-CP. The activated sludge showed no such characteristics
when in contact with 2,4,6-TCP.

3.7. Chlorophenols remouval

Activated sludge in SBR demonstrated complete removal
of 2-CP and 2,4,6-TCP, as can be seen in Fig. 23. The initial
removal decrease can be attributed to the sludge acclima-
tion. Gradually, as TSS is increased the removal rates of 2-CP
and 2,4,6-TCP are increased, achieving complete removal
by the end of the experiment. The removal of chlorophe-
nols depends on their initial concentrations as well as on the
treatment duration [28]. Thus, depending on chlorophenol’s

Fig. 22. Microbiological analysis feed without (left) and with
2-CP (right).
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Fig. 23. 2-CP (E1 and E2) and 2,4,6-TCP removal (E3).
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initial concentration, SBRs may need an extended operation
period to achieve full removal. The complete removal of phe-
nols showed that the carbon oxidation processes and thus,
the activity of the heterotrophic bacteria was not affected by
these toxic compounds.

4. Conclusions

The results showed that the presence of chlorophenols
is not significantly affect carbon oxidation. Inhibition was
observed in total nitrogen removal and while in the case of
2-CP the cause is poor nitrification in the case of 2,4,6-TCP
is poor ammonification. The higher the 2-CP concentration,
the more evident the inhibition effect was. Both chlorophe-
nols showed no inhibition toward bacteria growth, although
there was some evidence of decreased activity, which how-
ever was not limited to inhibitor reactors alone. Finally, both
chlorophenols were completely removed after few days of
the process, indicated that bacteria were gradually accli-
matized. Nevertheless, in the case of 2-CP, the nitrification
inhibition did not show any decreasing trend, indicating thus
the damage to nitrifying bacteria was permanent.
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