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Abstract: This study assessed the use of an integrated biophysical process incorporating the addition
of powdered activated carbon (PAC) to a dual-sludge biological process, in order to improve the
removal of problematic contaminants from complex herbicides production wastewater. The main
focus was on the removal of nitrogen compounds, total organic carbon (TOC), and halogenated
organics (AOX). The dual-sludge pilot setup comprised a conventional activated sludge (CAS)
system followed by a membrane bioreactor (MBR) system. The dilution ratio of raw wastewater was
gradually decreased (with groundwater) from 0.8 to 0 (no dilution), and PAC was added in the last
phase of the study to maintain an equilibrium concentration of 2000 mg/L. PAC addition stimulated a
high and steady removal (98%) of the ammoniacal nitrogen, conforming to the sea discharge limit of
5 mg/L. However, the effluent concentrations of total nitrogen, TOC, and AOX were still above the
stringent discharge limits of 20, 100 and 0.5 mg/L respectively. Furthermore, it was shown that
synergistic effect of various toxic organic compounds, rather than mineral salinity, was the major
cause for the acute inhibitions of nitrification and AOX removal. The study showed that the proposed
process can function as an efficient treatment system for the complex wastewater typically produced
in the herbicide industry, however, it is recommended that complementary physico-chemical
treatment steps be added to the treatment process.
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1. Introduction

Herbicides are regarded as a threat to the environment. These highly toxic compounds are
resistant to biological and photochemical degradation, and as such, persist in the environment for
extended periods of time, constituting a major risk to human health and to the ecosystem [1,2].
Herbicides are known as complex materials, characterized by high concentrations of organic
(COD and TOC) and nitrogenous (TKN and NH,4) compounds, inhibitory and non-biodegradable
organic compounds, such as adsorbable organic halogens (AOX), and by high salinity.
Conventional biological treatment processes are not always suitable for these types of
contaminants.

The powdered activated carbon treatment (PACT) process, in which powdered activated carbon
(PAC) is added directly into the aerobic reactor of an activated sludge system to concurrently
provide biological oxidation and adsorption, was developed by Dupont in the 1970s [3]. It is
advantageous to the conventional activated sludge (CAS) process in terms of (1) process stability;
(2) removal of refractory organics; (3) increasing mixed liquor suspended solids (MLSS)
concentration, with increased biological activity; and (4) enhanced nitrification due to adsorption
of inhibitory compounds [4].

Membrane bioreactors (MBRs), which are increasingly used in the treatment of industrial
wastewater, are capable of integrating nitrification and de-nitrification processes, as (1) they
are operated at considerably high biomass concentrations; (2) have a long solids retention
time (SRT) and a short hydraulic retention time (HRT); (3) they eliminate biomass settling
problems (filamentous growth); and (4) produce high effluent quality: low levels of turbidity,
total suspended solids (TSS), and bacteria [5]. Moreover, the long SRT results in reduced
excess sludge removal requirements and reduces PAC makeup requirements (lower operating
cost) [6].

The efficacy of the PACT process has been examined in numerous studies. Addition of PAC
to a textile processing wastewater treatment plant resulted in a sharp increase of 87% in the AOX
removal efficiency, however with no effect on COD removal [7]. Addition of PAC to a drug
synthesis wastewater treatment plant was reported to significantly increase the removal rate of
SCOD as well as increase the biomass oxygen uptake rate (OUR) due to increased adsorption of
the inhibitory compounds [8].

The primary objective of this research was to investigate the effectiveness of modifying a
dual-sludge membrane biological system (DSS-MBR) with PAC (DSS-MBR-PACT), thus
increasing the removal efficiencies of nitrogen compounds, TOC, and AOX from the wastewater
of an herbicides production plant.

The research, which was conducted in a dedicated pilot system, employed two consecutive,
fully independent sludge systems: CAS for removal of readily biodegradable organic compounds,
followed by a MBR for facilitating efficient nitrification and de-nitrification processes. PAC was
added to the MBR system to improve nitrogen removal, as well as residual recalcitrant organic
compounds. The removal efficiencies of the above mentioned compounds by the DSS-MBR and
the DSS-MBR-PACT systems were compared. To the best of our knowledge, this is the first time
in which applicability of PAC supplementation in the treatment of such wastewater has been
addressed in the literature.
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2. Materials and Methods
2.1. Wastewater Source

The wastewater of an herbicides production plant located in Israel is currently treated in a full-
scale wastewater treatment plant that comprises two sequential systems—pretreatment in a physic-
chemical system followed by the main biological treatment system, prior to effluent discharge into
the sea. The pretreatment system is designed to decrease the load of the inhibitory compounds,
suspended solids, and volatile organic compounds (VOCSs) on the downstream biological treatment
system in several consecutive process steps that include neutralization, coagulation and flocculation,
clarification by gravitational settling and dissolved air floatation (DAF), and air stripping. The main
biological treatment facility employs two consecutive systems—an aerobic CAS system followed by
an aerobic and post-anoxic MBR system for nitrification and de-nitrification. In the present study,
the research pilot plant was fed with wastewater from the physico-chemical system effluent tank.

Biological processes, particularly nitrification, are known to be very sensitive to high salinity
wastewater. Therefore, the raw wastewater, with a high salinity of about 1.5% (w/w), is diluted with
low salinity local well water to a ratio of 0.8 (volume of dilution well water/volume of raw
wastewater) prior to being fed into the full-scale biological treatment plant. The characteristics of the
raw wastewater after the physico-chemical pre-treatment are detailed in table 1.

Table 1. Characteristics of raw wastewater after physico-chemical pretreatment.

Parameter (Units) Value

pH 7.7+0.34
Alkalinity (meg/L) 16.5+5.0
TSS (mg/L) 59.3+52.0
Turbidity (NTU) 73.2+72.8
Chlorides (g/L) 5.23 £ 1.60
TDS (g/L) 142+4.1
NHs-N (mg/L as N) 11.0£6.80
Norg-N (mg/L as N) 219 +£82.7
TKN (mg/L as N) 230+ 84.9
NO,-N (mg/L as N) 0.37£0.90
NOs-N (mg/L as N) 1.6+£250
TN (mg/L as N) 236 +71.0
BOD (mg/L) 3660 + 1110
tCOD (mg/L) 6610 + 1620
sCOD (mg/L) 5600 + 1820
TOC (mg/L) 1720 + 560
AOX (mg/L) 50.4 + 25.4

2.2. Pilot Plant Setup

The study was conducted using a continuous dual sludge system (DSS) pilot plant that simulated
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the full-scale biological treatment plant. It employed two functional sludge systems. The first, a
regular CAS system designated as DSS1 (Figure 1), consisted of a 100 L micro-aerobic reactor, a
special eco-system in which aerobic and anaerobic bacteria can coexist. This eco-system was
operated under O, limited conditions with a Dissolved Oxygen (DO) of about 0.5 mg/L. Wastewater
from herbicides manufacturing processes contains various compounds which are refractory under
aerobic conditions and seem to be readily bio-transformed anaerobically. In turn, partially degraded
products which resist anaerobic degradation can be completely mineralized by aerobic
microorganisms. The combination of anaerobic and aerobic conditions has been shown to improve
biodegradation and bio-detoxification [9,10]. This system was followed by 120 L aerobic reactor and
a secondary gravitational clarifier for biomass separation. The micro-aerobic and aerobic reactors
were equipped with air diffusers installed at the bottom of both tanks that maintained the Dissolved
Oxygen (DO) concentrations at 0—1 mg/L and 3-5 mg/L, respectively. One magnetic dosing pump was
used to ensure that wastewater from the 150 L equalization tank was continuously fed into the micro-
aerobic reactor at a setpoint flow rate. On a daily basis, 5 cm® of phosphoric acid solution (79% w/w)
was added to the equalization tank to provide sufficient phosphorous nutrient for the biomass growth.
At the beginning of each day, the equalization tank was filled with the wastewater at the correct
dilution ratio. Effluent from the secondary clarifier overflowed to the second sludge system. Mixed
liquor from the bottom of the clarifier was recirculated back and distributed evenly to the two
reactors. A sludge age of 20-30 days was controlled via daily sludge wasting from the sampling ports
(S.P. in figure 1 and 2).
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Figure 1. Schematic diagram of the first (CAS) sludge system—DSSL1.
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The second sludge system, which is a MBR, designated as DSS2 (Figure 2), comprised a 200 L
aerobic reactor followed by a 65 L post-anoxic reactor and a 36 L membrane tank for final biomass
separation. The aerobic reactor was equipped with air diffusers that maintained a DO concentration
of 4-4.5 mg/L. The mixed liquor from the aerobic reactor was pumped to the post-anoxic reactor by
a 1/2" air-operated double diaphragm pump at a flow rate of approximately 3 m*h. The post-anoxic
reactor was continuously mixed by a top-mounted mixer to ensure that the mixed liquor remained in
suspension. The mixed liquor from the post-anoxic reactor overflowed to the membrane tank through
a bottom interconnecting pipe. The membrane tank employed a ZW-10 submerged hollow-fiber 0.04
um ultrafiltration PVDF membrane module with a filtration area of 0.93 m? (GE Water). The
membrane system was operated on a repeating filtration cycle of two phases—5 min of permeation
followed by 30 s of back-pulsing at a net flux of 3-4 L/(m*h). The permeation/backwash cycles
were commenced using a reversible gear pump (series GJ, model 150 by Micropump). Compressed
air was introduced into the membrane module to provide the required air scouring for fouling control.
Mixed liquor from the membrane tank recirculated back to the aerobic reactor by overflowing
through a bottom interconnecting pipe. A sludge age of 90 days was controlled via daily sludge
wasting from the aerobic reactor. Diluted methanol solution (0.3% v/v) was dosed to the post-anoxic
reactor at a flow rate of 0.5 L/h to provide sufficient electron donors for the de-nitrification process.
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Figure 2. Schematic diagram of the second (MBR) sludge system—DSS2.
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2.3. Pilot Operation

The pilot plant was operated for about 400 days over the course of the study, which were divided
into four consecutive phases (Table 2). The pilot system was initially seeded with biomass taken
from the parallel sludge systems of the full-scale biological treatment plant, as it was already
acclimated to this kind of wastewater.

Table 2. Research phase details.

Phase Dilution Ratio Flow Rate (L/day) PAC Conc. (mg/L) Duration (days)
1 0.8 100 0 93

2 0.5 80 0 112

3 0 80 0 111

4 0 80 2000 88

During the first two phases, the raw wastewater dilution ratio decreased from 0.8 to 0.5, which
brought about the reduction of the wastewater flow rate from 100 L/day to 80 L/day to sustain the
same average contaminant load on the system, resulting in an increase of the overall HRT. The
permeating net flux was thus decreased from 4.2 to 3.3 L/(m?h). In the 3" phase, the dilution ratio
decreased to O (i.e., no dilution), but the flow rate was kept at 80 L/day to test the capability of the
current system configuration to handle an increase of about 50% in the current organic load. In the
4™ phase, 600 g of PAC was added to the second sludge system to reach an equilibrium
concentration of 2000 mg/L. This PAC level was sustained by daily addition of 6.7 g (84 mg/L in
DSS2 influent) to compensate for PAC loss in the wasted sludge, adjusted to maintain a sludge age
of 90 days. As such, it was possible to accurately assess the contribution of PAC to system
performance in terms of removal of the aforementioned compounds. System performance was
evaluated based on the weekly average removal of ammoniacal nitrogen, organic nitrogen, total
nitrogen, TOC, and AOX in the four research phases.

Activated carbon SX000X (Manufactured by Shanxi Sincere Industries Co. Ltd, China) was
chosen to be the best adsorbent with this specific wastewater based on previous studies. The
properties of this activated carbon are as follows: iodine number of 900, total surface area of 1400-
1800 m?/g, apparent density of 210-370 kg/m?®, ash content of 10%, and moisture level of 8%.

2.4. Sampling and Analytical Methods

Samples were collected on a daily basis from three main sampling ports: equalization tank,
DSS1 effluent, and final effluent. Two samples were taken from each of the first two ports, as one
was filtered through 1.5 pm glass fiber filter paper (Grade 934-AH, Whatman). The DO, pH, and
temperature of all reactors were monitored three times a day by field instruments.

The pH, alkalinity, TSS, VSS, turbidity, TDS, chlorides, nitrite, nitrate, total nitrogen, BOD,
COD, TOC, and AOX were all measured according to the Standard Methods (APHA, 2012).
Ammoniacal nitrogen was determined by salicylate titration using method 8155 by Hach (DR/2400
Spectrophotometer). AOX was analyzed by the Multi X 2500 system (Analytik Jena) conforming to
Standard Method 5320 B (Adsorption-Pyrolysis-Titrimetric method).
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2.5. Adsorption Isotherms of AOX and TOC

The adsorption extent of AOX and TOC in DSS2 onto the PAC was examined in the lab by
finding the best fit adsorption isotherms for both AOX and TOC. The adsorption isotherms can be
used to estimate the required DSS2 PAC equilibrium concentration for the removal of AOX and
TOC to below the sea discharge limits.

Adsorption tests were carried out in six 1 L glass flasks filled halfway with final (DSS2) effluent.
PAC was added to five of the flasks (the sixth was a blank) at concentrations of 200, 500, 1000, 5000
and 10 000 mg/L. All six flasks were mixed in a Jar Test system for 24 h at 120 RPM. A sample of
250 mL from each flask was filtered through 1.5 um glass fiber filter paper into a plastic sampling jar
for AOX and TOC analyses. These results were used to determine the best fit adsorption isotherms.

3. Results and Discussion
3.1. Evaluation of TOC and AOX Adsorption onto PAC

The TOC and AOX adsorption results show that the best fit to the experimental data was
obtained using the Freundlich isotherm, with 99.6% and 84.6% fits, respectively (Figure 3 and 4).
The Freundlich isotherm is described in equation 1:

ge = KeCe™" (1)

Where

ge: equilibrium adsorption capacity (mg adsorbate/g adsorbent).

Ce: equilibrium concentration of adsorbate (TOC or AOX) in solution after adsorption (mg/L).
Ks: Freundlich capacity factor (mg adsorbate/g activated carbon)(L water/mg adsorbate)™".

1/n: Freundlich intensity factor.
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Figure 3. Freundlich isotherm-fit for TOC adsorption onto PAC.
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Figure 4. Freundlich isotherm-fit for AOX adsorption onto PAC.

Inserting the derived adsorption constants for TOC adsorption onto PAC into the Freundlich
equation results in equation 2:

e = 1.09C.M" 2

Using equation 2, the maximum TOC adsorption capacity onto the PAC to ensure a maximum
effluent TOC concentration of 100 mg/L, as required by environmental regulations, is 235 mg/g.
Considering the DSS2 influent average TOC concentrations in phases 1, 2, and 3 of 170, 450, and
480 mg/L respectively, the minimum equilibrium PAC concentrations in DSS2 that are in
compliance with the TOC sea discharge limit should be 297, 1490 and 1610 mg/L respectively.

Inserting the derived adsorption constants for AOX adsorption onto PAC into the Freundlich
equation results in equation 3:

ge= 11.1C. 25" (3)

Using equation 3, the maximum AOX adsorption capacity onto the PAC to ensure a maximum
effluent AOX concentration of 0.5 mg/L, as required by environmental regulations, is 6.04 mg/g.
Considering the DSS2 influent average AOX concentrations in phases 1, 2, and 3 of 4.5, 11 and 17
mg/L respectively, the minimum equilibrium PAC concentrations in DSS2 that are in compliance
with the AOX sea discharge limit should be 662, 1740 and 2730 mg/L respectively.

The maximum required PAC adsorption capacity was much higher for the TOC than for the
AOX, and therefore, the required equilibrium PAC concentration that is in compliance with the
stringent discharge limits was much higher for the AOX than for the TOC, even though mass
removal was higher for the TOC.

The 4" phase of the pilot operation involved an equilibrium concentration of 2000 mg/L, which
represented the best tradeoff in terms of contaminant removal efficiency, economics (i.e., the
elevated operational expenditure (OPEX) of the full-scale plant in terms of daily PAC make-up), and
the potential for abrasion of the membrane fibers by the PAC particles, since a high concentration
leads to stronger abrasion.
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3.2. Nitrogen Compound Removal

As required by environmental regulations, the sea discharge limits for ammoniacal nitrogen
(NH3-N) and total nitrogen (TN) are 5 and 20 mg/L respectively. These two parameters and the
organic nitrogen (Norg-N) content were therefore monitored on a daily basis throughout all four
operation phases.

Figure 5 illustrates the influent nitrification potential of ammoniacal nitrogen, which represents
the ammonia available for nitrification in DSS2, the effluent ammonia concentration with respect to
the sea discharge limit of 5 mg/L, and the total ammonia removal efficiency during the pilot
operation. Nitrification potential is defined as the influent TKN concentration minus the final
effluent organic nitrogen concentration (considered as a non-biodegradable fraction). This term
represents the “biodegradable” portion of the TKN that can potentially be removed by nitrification.

Table 3 details the average nitrification potential in each phase, the effluent average ammonia
concentration, the average removal efficiency, the theoretical rise in effluent ammonia concentration
(calculated based on the decrease of wastewater dilution only), and the actual rise in effluent
ammonia concentration.

Phase 1 Phase2 Phase 3 Phase 4
Dilution = 0.8 Dilution = 0.5 Dilution =0 Dilution =0 ; PAC =2 g/L.
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Figure 5. Ammoniacal nitrogen influent nitrification potentials and effluent
concentrations and removal efficiencies.

The effluent average ammonia concentration in phase 1 was far below the discharge limit (Table
3). As the dilution decreased to 0.5 and then to 0 in phases 2 and 3, respectively, the effluent average
ammonia concentration rose sharply to almost 30 times the base concentration. At this stage, such an
outcome was assumed to be due to a synergistic effect of the elevated salinity and the high
concentration of inhibitory compounds in the raw wastewater as the dilution decreased, resulting in
acute inhibition of the sensitive nitrifying bacteria. Therefore, the effluent ammonia concentration
was far above the sea discharge limit.
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Table 3. Ammoniacal nitrogen study results.

Phase 1 Phase 2 Phase 3 Phase 4
Nitrification Potential (mg N/L) 68.8 £ 26.4 94.4 £57.6 205 + 86.9 240 + 105
Effluent NH4,-N (mg/L) 2.26+1.80 33.5+32.7 64.6 £ 56.5 4.06 £ 7.46
Removal 95.6 £ 4.81 69.7 £ 26.1 73.7+21.2 98.1 +£1.50
Theoretical Conc. Rise 25% 155% 155%
Actual Concentration Rise 1380% 2760% 79%

The addition of PAC in the 4™ phase resulted in a sharp decline in the effluent ammonia
concentration to 4.06 mg/L, in spite of the high fluctuations in the plants' wastewater organic
nitrogen content due to manufacturing variations during Phase 4. However, the low effluent
ammonia concentration, which is below the sea discharge limit, indicates that the PAC addition
sustained a very high and steady removal of the TKN. Furthermore, the observation that ammonia
removal increased significantly to 98% with only minor fluctuations indicates a high-rate and stable
removal. This can be attributed to the high capacity of the PAC, with its large specific surface area,
to adsorb the toxic inhibitory compounds, thereby protecting the sensitive nitrifying bacteria, and
allowing them to effectively oxidize the ammonia to nitrate. Additionally, the operation of phases 3
and 4 with equivalent mineral salinity levels meant that the acute inhibition of the nitrification
process in this study, could be unequivocally determined to be the result only of the inhibitory
compounds, which were adsorbed onto the PAC in phase 4. A comparison of the theoretical rise in
effluent ammonia concentration and the actual rise in phase 4 showed that although the dilution
decreased to 0 and the influent load increased by 50%, the actual rise (79%) was much lower than
the theoretical increase (155%), which indicates a significant improvement in the nitrification
process of the later phase compared to phase 1.

Figure 6 illustrates the influent and final effluent concentrations of organic nitrogen and its total
removal efficiency in both sludge systems during the four operation phases.

Table 4 details the average influent and final effluent concentrations of organic nitrogen, its
removal efficiency in the first sludge system, and its total removal in both sludge systems.

Figure 7 illustrates the influent and final effluent total nitrogen concentrations with respect to the
sea discharge limit of 20 mg/L in the four operation phases.

Considering phase 1, the effluent total nitrogen concentration is already above the sea discharge
limit of 20 mg/L. The main reason for this was the presence of a certain non-biodegradable fraction
of the wastewater organic nitrogen content (Table 4), constituting 71% of the effluent total nitrogen.
Furthermore, as expected, most of the organic nitrogen was removed via ammonification in DSS1 in
all four phases.

Reduction of the dilution ratio in the 2" phase to 0.5 resulted in a sharp decline in the organic
nitrogen removal efficiency (Figure 6) after severe inhibition of the heterotrophic bacteria in DSS1,
which are also responsible for the ammonification process. It also resulted in DSS2 inhibition and in
an increase in the ammonia effluent concentration to 33.5 mg/L, as some of the wastewater
inhibitory compounds were not biodegraded in DSS1. Thus, the effluent total nitrogen concentration
rose by 170% to 87.6 mg/L, a value far in excess of the sea discharge limit.
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Figure 6. Influent and effluent organic nitrogen concentrations and removal efficiencies.
Table 4. Organic nitrogen study results.
Phase 1 Phase 2 Phase 3 Phase 4
Influent Nogg (Mg/L) ~ 852£230  138+454 210 + 64.6 255 + 106
Effluent Nogg (Mg/L) ~ 23.0£109  50.6+341  257+182  24.3+13.2
DSS1 Removal (%) 62.2+12.5 40.3+22.5 61.6 £ 22.6 85.2 +£8.85
Total Removal (%) 725+ 13.8 65.5+24.5 87.1+594 89.2+£6.01
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Figure 7. Influent and effluent total nitrogen concentrations.
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Following good acclimation of the DSS1 biomass to the ever increasing wastewater inhibitory
compound load, further reduction of the dilution to 0 (phase 3) resulted in a steady improvement of
the overall organic nitrogen removal (DSS1 + DSS2) to 87.1%. The effluent total nitrogen
concentration, however, increased further to 106 mg/L following the aforementioned severe
inhibition of the nitrifying bacteria in DSS2.

The steady improvement in organic nitrogen removal continued to phase 4, as the DSS1 removal
efficiency increased to 85.2% with the steady acclimation of the ammonification bacteria. Thus, the
addition of the PAC did not lead to any major improvement in the organic nitrogen removal in
contrast to the improved ammoniacal nitrogen removal. However, the effluent total nitrogen
concentration was still in excess of the sea discharge limit, mainly due to the organic nitrogen non-
biodegradable fraction and the poor de-nitrification process control in the post-anoxic reactor. The
methanol that was added as an electron donor to the post-anoxic reactor was not controlled by an
oxidation-reduction potential (ORP) sensor. Instead, it was added manually and continuously on the
basis of the average nitrification potential. Therefore, because it was not adjusted to the extreme
fluctuations of the nitrification potential, the formed nitrate was not properly reduced, and hence, it
contributed to the effluent total nitrogen concentration. Further treatment processes must be included
upstream or downstream to greatly reduce the organic nitrogen non-biodegradable fraction and to
ensure that compliance with the sea discharge limit is achieved. As to the elevated nitrate levels,
proper electron donor controlled dosing must be implemented in the pilot plant.

3.3. TOC Removal

Figure 8 illustrates the influent and final effluent TOC concentrations with respect to the sea
discharge limit of 100 mg/L and the total TOC removal efficiency during the four operation phases.
Table 5 details the average influent and final effluent TOC concentrations, the removal efficiency in
the first sludge system, and the total removal in both sludge systems. Furthermore, it details the
theoretical rise in effluent TOC concentration (due to the decrease in the wastewater dilution) and the
actual rise in effluent TOC concentration.

The effluent TOC concentration was already slightly above the sea discharge limit of 100 mg/L
(Table 5). The main reason for that was the presence of a certain non-biodegradable fraction of the
wastewater TOC content. As was the case with the organic nitrogen, most of the TOC, which
includes many inhibitory compounds, was removed in the first sludge system throughout the entire
pilot operation, in which DSS2 functioned for polishing purposes. Therefore, exposure of the
downstream nitrifying bacteria to most of the toxic compounds was minimized, resulting in a highly
efficient nitrification process.

Reduction of the dilution to 0.5 and to O in phases 2 and 3, respectively, did not result in any
significant change in DSS1 TOC removal or in the total removal, as the removal was maintained in
the range of 87-89%. Therefore, despite a rise in the influent TOC concentration and an increase of
50% in the influent loading, the heterotrophic bacteria in DSS1 sustained good TOC removal as a
result of efficient bacteria acclimation. Although the total removal was stable, the final effluent TOC
concentration was almost doubled relative to phase 1, due mainly to the non-biodegradable TOC fraction.

The addition of PAC to DSS2 did not improve the overall TOC removal, most of which occurred in
DSS1 because of the ongoing acclimation of the heterotrophic biomass to the 0 dilution. As a result, the
effluent TOC concentration dropped to 124 mg/L, which is still much higher than the sea discharge limit.
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Thus, a certain fraction of the raw wastewater TOC can be considered non-biodegradable and non-
adsorbable onto PAC. This finding indicates the need for the inclusion of additional upstream or
downstream treatment processes to achieve compliance with the TOC sea discharge limit.

Phase 1 Phase 2 Phase 3 Phase 4
Dilution = 0.8 Dilution = 0.5 Dilution =0 Dilution=0 ; PAC=2g/L.
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3.000 4

- 80%

2.500 +

I I
! ! ~ o
~ 2,000 - : . : . . 'I * § b 60% -
El"on' . : o"o'. . : * : . * 1 -I(J“.i:z
1000 Le — s S N . ! . k30%
. . * L .t 0‘ . * OJ l R .
1 1 1 o 20%
500 ¥ : : : L 10%
0 __——__-_‘___—I , : - - __‘flp_ n : : : : 1= ', : , ; = 0%
1 16 31 46 61 76 91 106 121 136 151 166 181 196 211 226 241 256 271 286 301 316 331 346 361 376 391 406
Operation Time (day)
+ Influent TOC o Effluent TOC  ===Discharge Limit =#=TOC Removal
Figure 8. Influent and effluent TOC concentrations and removal efficiencies during the
four operation phases.
Table 5. TOC study results.
Phase 1 Phase 2 Phase 3 Phase 4
Influent TOC (mg/L) 926 + 258 1,215 + 364 1,753 + 535 1,852 + 528
Effluent TOC (mg/L) 105 + 23.0 189 + 53.2 200 £95.5 124 +41.0
DSS1 Removal (%) 79.4 £6.50 63.4+12.7 73.2+£9.70 79.7 £7.60
Total Removal (%) 87.0 £3.50 83.9+5.50 88.6 £ 4.60 92.4 +3.17
Theoretical Conc. Rise 25% 155% 155%
Actual Conc. Rise 80% 90.5% 18%

3.4. AOX Removal

Figure 9 illustrates the influent and final effluent AOX concentrations with respect to the sea
discharge limit of 0.5 mg/L and its total removal efficiency during the four operation phases.

Table 6 details the average influent and final effluent AOX concentrations, its removal
efficiency in the first sludge system and its total removal in both sludge systems. Furthermore, it
details the theoretical rise in effluent TOC concentration (due to the decrease in the wastewater
dilution) and the actual rise in effluent AOX concentration.

The effluent AOX concentration in phase 1 was already much higher than the sea discharge limit
of 0.5 mg/L. The main reason for this finding was the presence of a certain non-biodegradable
fraction of wastewater AOX content. As in the cases of organic nitrogen and TOC, most of the AOX
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was removed in DSS1 over the entire course of pilot operation to protect the downstream nitrifying
bacteria from the inhibitory compounds included in the influent AOX, and DSS2 acted as a polishing
step for recalcitrant AOX removal.

Phase 3
Dilution =0

Phase 4
Dilution =0 ; PAC=2g/L
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Figure 9. Influent and effluent AOX concentrations and removal efficiencies during the
four operation phases.

Table 6. AOX study results.

Phase 1 Phase 2 Phase 3 Phase 4
Influent AOX (mg/L) 43.7 £23.7 300+17.1 50.4+ 254 40.0 £ 26.2
Effluent AOX (mg/L) 3.20+1.05 7.20+£6.50 9.24 +6.15 3.64 £2.37
DSS1 Removal (%) 85.4+7.70 58.3+18.7 66.5+17.2 69.5+14.9
Total Removal (%) 90.2 £5.50 73.5+20.5 81.3+125 91.5+4.30
Theoretical Conc. Rise 25% 155% 155%
Actual Conc. Rise 125% 189% 14%

The dilution reduction in phase 2 led to an acute inhibition of the heterotrophic bacteria in DSS1,
as the removal efficiency dropped to only 58% and the final effluent concentration jumped by 125%
to 7.2 mg/L. As a result, the nitrifying biomass in DSS2 was exposed to elevated concentrations of
inhibitory compounds that markedly inhibited the nitrification process (Figure 5).

Further reduction of the dilution in phase 3 resulted in a minute improvement in the AOX
removal efficiency, mainly in DSS1, while the total removal increased to 81%. However, the effluent
AOX concentration continued to rise by 189% (with respect to phase 1) to 9.24 mg/L. This was the
result of slow biomass acclimation in both sludge systems to the increasing concentration and load of
inhibitors.

PAC addition in phase 4 led to a 7% increase in the DSS2 AOX removal, a 65% decrease in the
total removal fluctuations, and a significant 64% decrease in the final effluent AOX concentration.
This is attributed to the ability of the PAC to adsorb non-biodegradable AOX compounds, which
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remain in the system for the entire 90 days sludge age. The high sludge age facilitated the
development of exotic bacteria, with a very low specific growth rate, capable of biodegrading these
complex compounds. As a result of a certain fraction of the influent AOX that is non-biodegradable
and non-adsorbable, the effluent AOX concentration was very high relative to the sea discharge limit.
For this reason, additional upstream or downstream treatment processes must be included in the
treatment system. Furthermore, as with the nitrification process, the operation of phases 3 and 4 with
equivalent salinity levels meant that the acute inhibition of AOX removal in this study, could be
unequivocally determined to be the result only of the inhibitory compounds that were adsorbed onto
the PAC in phase 4. A comparison of the theoretical rise in effluent AOX concentration with the
actual increase that occurred in phase 4 shows that although the dilution decreased to 0 and the
influent load increased by 50%, the actual rise (14%) was much lower than the theoretical rise
(155%), which indicates a significant improvement in the AOX removal process of the later phase
relative to phase 1.

4. Conclusions

As demonstrated by Singh and Singh, many herbicides are highly toxic to natural bacteria and
their biodegradation incorporates novel pathways, multispecies interactions, and community-level
responses [2]. However, transformation of pure culture studies to full-scale reactor applications
requires engineering modifications of the biological processes and inclusion of physico-chemical
aiding technologies, as done in this study. For example, the combination of anaerobic and aerobic
conditions has the potential to significantly improve the overall biodegradability of complex
compounds and to reduce toxicity [9,10]. In this regard, the main conclusions of this study are:

e The ammonification and mainly nitrification processes were significantly inhibited by toxic
compounds in the raw wastewater, particularly when the dilution ratio was decreased and the
organic load was increased.

e The TOC and AOX adsorption onto the selected PAC showed best fits with the Freundlich
isotherm.

e In the 4™ phase of pilot operation, the PAC equilibrium concentration used was 2000 mg/L,
which was considered the best tradeoff in terms of contaminant removal efficiency, economics
(daily PAC makeup of 84 mg/L, based on a sludge age of 90 days and a flow rate of 80 L/day),
and the increased possibility of MBR membrane fiber abrasion.

e The majority of the organic nitrogen, TOC, and AOX compounds were removed in the first
sludge system, which protected the sensitive biomass in the second sludge system from high
loads of toxic and inhibitory compounds.

e PAC addition to the second sludge system significantly increased ammoniacal nitrogen removal
to 98% and decreased the removal fluctuations, resulting in an effluent concentration that was
slightly below the 5 mg/L sea discharge limit. This outcome was the result of efficient PAC
adsorption of the inhibitory compounds.

e The total nitrogen in the 4" phase was in excess of the 20 mg/L sea discharge limit. This was
mainly due to the presence of a certain organic nitrogen fraction in the raw wastewater that is
non-biodegradable and non-adsorbable onto the PAC, and residual nitrate as a result of poor
post-denitrification process control.
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e TOC removal was not affected by PAC addition, and its effluent concentration was slightly
above the 100 mg/L sea discharge limit. This was attributed to the fact that most of the TOC was
removed in the first sludge system and to the presence of a certain TOC fraction in the raw
wastewater that is non-biodegradable and non-adsorbable onto the PAC.

e The PAC supplement in the 4™ phase resulted in a 61% decrease in the effluent AOX
concentration to 3.6 mg/L, which is still much higher than the sea discharge limit as defined by
environmental regulations. This outcome was attributed mainly to the presence of a certain
AOX fraction in the raw wastewater that is non-biodegradable and non-adsorbable onto the
PAC.

e The synergistic effect of various toxic organic compounds, rather than the mineral salinity, was
the major cause for the acute inhibitions of nitrification and AOX removal in this study.
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