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A simple experimental set-up was used to study the treatability aspects of phenolic
wastewater. Three types of reactor systems: Activated Sludge (AS), activated sludge plus
Granular Activated Carbon (GAC) and granular activated carbon, were experimented under
different phenol shock loading. Phenol toxic effect on biomass was also investigated.
Experimental results showed that under different phenol shock loads (100, 200, 300, and
400 mg/l), the AS plus GAC reactor gave the highest COD and phenol % removal comparing
with the other two systems. Results also showed that increasing phenol shock loading had
an adverse effect on treatment efficiency for all cases. Respirometric analysis indicated that,
for AS reactor, p"H decreased from 2.75 d-! at 0.0 mg/l phenol concéntration to 1.62 d-! at
200 mg/l phenol concentration. Increasing phenol shock load to 400 mg/l resulted in
decreasing p"H to only 0.93 d-!. In order to confirm these results, the toxic effect was
measured by following the fraction of Specific Oxygen Uptake Rate (SOUR) loss between the
sludge with zero phenol and the sludge dosed with phenol. Results obtained indicated an
increasing of toxicity factor from 0.5 at phenol concentration of 200 mg/l to 0.73 at phenol
concentration of 400 mg/1.
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1. Introduction

Phenol is an inhibitory and toxic com-
pound present in wastewater from petroleum
refining, petrochemical, coke conversion and
pharmaceutical plants. Biological degradation
of phenolic wastewaters has been documented
by several authors [1-3].

In the majority of the literature reports,
the general consensus is that although
phenols can be degraded in the activated
sludge process, the presence of phenol in
wastewaters increases the susceptibility of a
biological system to become upset [4-6].
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Although inhibitory and toxic, phenol is
also a carbon and energy source for some
microorganisms. There is scant data on the
biodegradation of high strength phenolic
wastewaters, which can exceed 1000 mg/1
[2,6].

Paulowsky and Howel (7] found that the
maximum specific growth rates of mixed
cultures grown on phenol as the sole carbon
source occurred at a substrate concentration
of less than 100 mg/1. The steady-state phenol
removal from a continuous flow reactor
reached 90%.

In addition to biological degradation,
adsorption processes, and in particular those
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using activated carbon, are finding increased
use in wastewater treatment for phenol
removal. Adsorption on granular activated
carbon (GAC) is one of the best commercial
proven methods for removing toxic organic
chemicals, such as phenol, from waste steam.

Addition of activated carbon to aeration
tanks of suspended growth systems has been
used to improve activated sludge operation
and performance [8]. A study by Ferguson [9]
indicated that activated carbon addition to
activated sludge systems provides exceptional
resistance to shock loading by phenol,
presumable due to large reservoir of carbon.

The aim of this research is to study the
treatability aspect of phenolic wastewater in
three types of reactors: i) activated sludge
(AS), ii) activated sludge + granular activated
carbon (AS + GAC), and iii) granular activated
carbon (GAC) alone. In this study, a simple
experimental set-up was used to determine
the cause by which phenol affects the
performance of the three mentioned reactors
in the response to shock phenol loadings. The
toxic effect of phenol on biomass growth was
also investigated.

2. Materials and methods
2.1. Activated sludge laboratory unit

The activated sludge used in batch
experiments was obtained from a laboratory
unit. This unit was operated utilizing synthetic
sewage prepared by diluting with tap water (1-
100) a concentrated shock solution containing
486 g/l of glucose, 1165 g/l of
Na3Po4.12H20, 8.8 g/l of (NH4)2SO4, the same
synthetic sewage was used through the
experiments. The diluted solution was
introduced into an aeration tank with 80 1/d.
A completely mixed Plexiglas reactor was as-
sembled with 47 1 aeration tank (surface area
1758 cm?) connected by a silicon rubber tube
to a 26.5 | settling tank having surface area of
1600 cm?. Variable speed peristaltic pumps
(Master flex L/S Easy-Load) were utilized to
recycle settled sludge and to feed the solution
to the aeration tank. Aeration was supplied
through diffusers located at the bottom of the
aeration tank, supplied diffused air (3:4 mg/1

level of dissolved oxygen) and maintained
complete mixing.

Initially, the activated sludge system was
seeded with sludge waste from Kafer El-Dawar
wastewater treatment plant. The waste sludge
was collected from the return sludge sump.
During start-up period the unit was fed with
the synthetic sewage and all settled sludge in
the final settler was returned into the aeration
tank. The start-up period was about 14 days;
steady-state  condition was  considered
achieved by the constant measured parame-
ters of the effluent and Mixed Liquor
Suspended Solids (MLSS) in the reactor. After
reaching steady-state conditions, the labora-
tory unit was operated at sludge age of 10
days, and sludge was wasted directly from the
aeration tank. During steady-state period F/M
ratio ranged between 0.31 to 0.37 d-! with an
average of 0.34 d-!, the MLSS ranged between
2333 to 2714 mg/l, and the effluent COD
ranged between 30 to 70 mg/1 with an average
value of 50 mg/1.

2.2. Experimental batch systems

Batch systems were used to study the
treatability aspect of phenolic wastewater. The
effect of shock loading of several phenol
concentrations (100, 200, 300 and 400 mg/l)
on COD and phenol removal efficiency was
studied; the effect of reactor retention time
was also investigated.

Waste sludge from the activated sludge
laboratory unit was employed for batch experi-
ments. Three types of experimental batch
systems were studied: i) batch reactor of AS,
ii) batch reactor of AS + GAC, and iii) batch
reactor of GAC.

2.3. AS batch reactor

The activated sludge batch reactor tests
were carried out in S5 flasks; the operating
volume of each reactor was 3 liter. In each
reactor 2.2 1 of the synthetic sewage was
added to 0.8 1 of sludge resulting in F/M 0.57
d-l. First reactor was used as a control unit
with zero phenol concentration; in reactors
from the second to the fifth phenol
concentrations of 100, 200, 300 and 400 mg/1
were added, respectively. Compressed air was
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used to supply oxygen to each flask through
porous diffuser stones, the air also served to
provide good mixing of reactor contents.

Samples were taken from each reactor
after 1, 2 and 6 hours of operation for measur-
ing COD and phenol concentration. Respi-
rometeric analyses were carried out on the
biomass of reactors no. 1, 3 and 5 (zero, 200
and 400 mg phenol /l) in order to assess
phenol toxic effect.

2.4. AS + GAC reactor

The addition of GAC to activated sludge
was studied in batch system, 5 flasks of 3 1
operating volume each were used. In each
reactor 2.2 1 of the synthetic sewage was
mixed with 0.8 1 of sludge resulting in F/M
ratio of 06 d!, 1 g/l of GAC (
AquaSorb™2000) was added into each
reactor. First reactor was used as a control
with zero phenol concentration, for reactors
from the second to the fifth phenol
concentrations of 100, 200, 300 and 400 mg/I
were added respectively. Compressed air was
used to supply oxygen to each flask through
porous diffuser stones. Samples were taken
from each reactor after 1, 2 and 6 hours of
operation for measurements. Also
respirometeric analyses were carried out on
the biomass of reactors no. 1, 3 and 5 (zero,
200 and 400 mg phenol /I).

2.5. GAC reactor

The GAC reactor system was experimented
in 5 flasks of 3 1 operating volume. In each
reactor 2.2 1 of the synthetic sewage was used,
1 g/1 of GAC ( AquaSorb™2000) was added
into each reactor. concentrations of phenol
(100, 200, 300 and 400 mg/l) were added into
the flasks to simulate phenol shock loading.
Compressed air was used to supply oxygen to
each flask through porous diffuser stones.
Samples were taken from each reactor after 1,
2 and 6 hours of operation for measurements.

2.6. Analytical techniques
Parameters monitored during this study

were chosen to determine the reactor perform-
ance due to phenol shock loading. Phenol

concentration was determined with 4-
aminoantipyrine method. COD was measured
by colorimetric method using spectrophotome-
ters (DR 100 Colorimeter Hach). Oxygen
uptake rate (OUR), specific oxygen uptake rate
(SOUR) and all other parameters were
measured according to the Standard Method
for the Examination of Water and Wastewater
[10]). The maximum specific growth rate of
heterotrophs (n"H) was measured according to
the method proposed by Ekama et al [11].

3. Results and discussion
3.1. Reactor efficiency

The effect of phenol shock loading on 3
types of reactor systems (A.S; A.S +GAC; and
GAC) was studied. For each system 5 batch
reactors were used, the first as a control unit
with zero phenol concentration, shock phenol
loading was simulated in the other 4 batch
reactors [concentrations of 100, 200, 300, and
400 mg/l were added into reactors no. 2- 5,
respectively]

A comparison between the 3 reactor
systems regarding COD% removal is shown in
fig. 1. For all cases it is obvious that A.S +
GAC gave the highest COD% removal
comparing with the other 2 systems. It is also
clear that increasing the retention time in all
reactors resulted in increasing the COD
removal efficiency.

The adverse effect of phenol shock loading
on COD% removal can be recognized for all
cases. For example, the COD% removal was
92% in A.S + GAC system after 6 hours of
operation with no phenol, adding 100 mg/1 of
phenol decreased the COD% removal to 90%,
while adding 400 mg/1 of phenol decreased it
to 72%.

Fig. 2 shows a comparison between the 3
reactor systems regarding phenol removal
efficiency. From this figure it is obvious that
A.S + GAC reactor gave the highest % phenol
removal. Also, increasing retention time in all
reactors resulted in increasing phenol removal
efficiency.

Increasing phenol shock loading has an
adverse effect on its removal efficiency. For
example, the phenol % removal decreased
from 85% in the A.S + GAC system with 6
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hours retention and phenol shock loading of
100 mg/1 to 55% at phenol shock loading of
200 mg/l, and to only 39% at phenol shock
loading of 400 mg/1 for the same conditions.
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3.2. Phenol toxicity

Respirometric analyses were carried out to
evaluate phenol toxic effect on biomass. These
analyses were conducted on sludge of both the

AS and AS + GAC reactor systems.
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Fig. 1. Relation between % COD removal and the type of reactor for different phenol concentrations.
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Fig. 2. Relation between %phenol removal and the

The toxicity effect on biomass was evaluated
by measuring the maximum specific growth
rate of heterotrophs p"H for the batches at O,
200, and 400 mg/1 phenol for both systems.

The p"H was estimated using the method
proposed by Ekama et al. [11] . They indicated
that p*H is usually specified as mg Active
Volatile Suspended Solids (AVSS) synthesized
per mg AVSS present per day i.e. mg
AVSS/mg AVSS/d or simply d-!. It is related to
the maximum readily biodegradable substrate
utilization rate Kus (in units mg COD /mg
AVSS/d),

(1)
Now Kms (in mg COD/ mg AVSS/d) is

related to the initial high Oxygen Uptake Rate
(OUR;) at the beginning of the batch testes,

,J.AH = Kms .Yh .
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type of reactor for different phenol concentrations.

OUR was measured for the selected batch
after 10 min of operation and was repeated
every 30 min. In general, for activated sludge
process, carbonaceous removal is not only
major sink for oxygen. In the presence of
autotrophic microorganisms, nitrification also
exerts a demand for oxygen. The OUR values
can be attributed to heterotrophic microorgan-
isms only in the absence of autorophic micro-
organisms or the application of 20 mg/l
thiourea to suppress nitrification, moreover,
phenol is toxic to nitrification [12].

1 .OURiM

Knpg =——— : 2
e tors ded ey Yy Lo - Xor Youd @
Where:
fov is the COD/VSS ratio of the sludge (mg
COD/mg VSS),
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Yh is the yield coefficient for hetrotrophs
(mg VSS/ mg COD),

OUR; is the initial high OUR in mg O2/1/d,

Vw is the volume of wastewater in |,

Vml is the volume of mixed liquor (at
concentration X, mg VSS/1.

fav is the active fraction of the MLVSS, and

Xy is the MLVSS concentration of the
mixed liquor added to the batch test
mg VSS/1.

Here it must be indicated that, for AS
reactor the measured OUR was directly used
for estimating  heterotrophic = biomass.
However, for AS+GAC reactor the measured
OUR represents the summation of both
oxygen utilized by biomass and oxygen
adsorbed by active carbon. In order to
estimate the OUR utilized by the biomass, the
OUR measurements were repeated for the
GAC reactor alone with no sludge and under
the same conditions. The difference between
the total OUR of the AS+GAS and the OUR of
the GAC is the OUR utilized by biomass. This
value was used for estimating the maximum
specific growth rate in the AS+GAS reactor.
More details on the respirometric measure-
ments and parameters estimation can be
found elsewhere [13].

The toxic effect of phenol on biomass can
easily be explained in table 1. For AS batches,
the maximum specific growth rate p"H was
2.75 d! in batch reactor no. 1 with zero
phenol concentration, this value decreased to
1.62 d-! in batch reactor no. 3 with phenol
shock loading of 200 mg/l. Increasing phenol
concentration in batch reactor no. 5 resulted
in a reduction of p"H to only 0.93 d-!. For the
AS+GAC batches, the maximum specific
growth rate of heterotrophic was 2.57 d-! with
no phenol addition, using phenol shock loads
of 200 and 400 mg/l resulted in decreasing
this value to 1.38 and 0.79 d-!, respectively.
Comparing AS and AS+GAC systems, it is also
clear that for all cases the maximum specific
growth rates of hetrotrophic are higher in AS
than in AS+GAC reactors. This may due the
presence of active carbon which compete the
biomass by adsorbing dissolved oxygen.

No doubt that phenol toxicity has an
adverse effect on heterotrophs growth rate,

this should be considered in designing
biological unit process for phenolic wastewa-
ter treatment. In order to confirm the previous
results, the toxic effect of phenol on biomass
was also evaluated using specific oxygen up
take rate SOUR measurements. SOUR has an
interesting information capacity [14], SOUR
measurements are considered reliable and if
the input parameters are carefully controlled,
it permits to follow instantaneously the sludge
answer to injection of toxics. The toxic effect
can be measured by following the fraction of
SOUR loss between the sludge with zero
phenol and the sludge dosed with phenol.

Phenol Toxicity Factor = 1- SOUR*/SOURe. (3)

Where:

SOUR* is the specific oxygen uptake rate for
sludge laden with phenol (mg
032/mg MLSS.h), and

SOURe is the specific oxygen uptake rate for

sludge with zero phenol (mg Oz/mg
MLSS.h).

The results obtained from SOUR measure-
ments indicate an increasing of toxicity effect
from 0.5 at phenol concentration of 200 mg/1
to 0.73 at phenol concentration of 400 mg/1
Fig. 3. Such results confirm that increasing
phenol shock loading results in increasing
phenol toxicity and as a consequence
decreases p'H and  activated sludge
performance efficiency.

4. Conclusions

e Three batch systems were examined in
order to study the treatability aspect of
phenolic wastewater: AS, AS+GAC, and GAC.
The effect of phenol shock loading on the
performance of the three mentioned systems
and phenol toxic effect on biomass were
investigated.

e The AS+GAC gave the highest COD and
phenol % removal under different phenol
shock loads. The addition of GAC into the
system provided exceptional resistance to
shock loading by phenol. For the three type of
reactors increasing phenol shock loading has
an adverse effect on the removal efficiency of
both COD and phenol.
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Table 1

Maximum specific growth rate and phenol toxicity factor of AS and AS+GAC systems under

different phenol shock loads

Phenol conc. AS system AS +GAC system

mg/1

(mg/1) Maximum Phenol toxicity Maximum Phenol toxicity
specific growth factor specific growth factor
ratex(d-!) rate (d-1)

0.0 2.75 0.00 2.57 0.00

200 1.60 0.50 1.38 0.54

400 0.93 0.73 0.65 0.79

—&—— Maximum specific growth rate
system )
—3— Maximum specific growth
rate (AS+GAC system )
~—&— Phenol toxicity (AS system )

—4— Phenol toxicity (AS+GAC system )

(AS

Phenol toxicity

3 A
=
&
&
b=
Q
&
=
0
0

Phenol concentration

200

(mg/l)

Fig. 3. Relation between maximum specific growth rate, phenol toxicity and phenol concentration.

e For all cases, increasing retention time
improves the removal efficiency of both COD
and phenol.

e Increasing phenol shock loading into both
AS and AS+GAC systems results in decreasing
the maximum specific growth rate of
heterotrophic biomass.

List of abbreviations

A.S is the activated sludge,

COD is the chemical oxygen demand,
DO is the dissolved oxygen,

GAC is the granular active carbon,
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MLSS is the mixed liquor suspended solids,

MLVSS is the mixed liquor volatile
suspended solids,

OUR is the oxygen uptake rate,

OUR; is the initial oxygen uptake rate

SS suspended solids, and

w'H is the maximum specific growth rate
of hetrotrophs biomass.
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