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ABSTRACT

The study aims to: (1) investigate the adsorption of powdered activated carbon (PAC) and
granular activated carbon (GAC) for phenol, indole, and their mixtures, respectively, and
(2) determine the bioregeneration efficiency and reusability of PAC loaded with phenol,
indole, and their mixtures. The results showed that phenol was easier to be adsorbed than
indole. The adsorption using PAC was obviously better than GAC. The considerably higher
bioregeneration efficiency of the phenol-loaded PAC as compared to that of indole-loaded
PAC was probably due to the recalcitrant nature of indole. PAC exhibited much higher
adsorption capacity for indole, especially in the presence of low concentration of phenol.
Besides, phenol improved the biodegradation of indole and therefore enhanced the reusabil-
ity of indole-loaded PAC. Therefore, powdered activated carbon technology (PACT) was
appropriate for the treatment of similar wastewater. Within the PACT system, PAC prefer-
entially adsorbed the recalcitrant indole while the relatively easily degradable phenol was
utilized by the biomass. Besides, phenol enhanced the degradation of indole and the

reusability of PAC, which resulted in a stable and efficient performance.

Keywords: Phenol; Indole; Adsorption; Bioregeneration; Powdered activated carbon

technology

1. Introduction

The coal gasification wastewater (CGW) contains
huge amount of alkanes, phenolic, and heterocyclic
compounds, such as phenol, 2-methyl-phenol, quino-
line, indole, and 5,5-dimethyl-2,4-imidazolidinedione
[1-3]. The arbitrary discharge of CGW would threaten
both the environmental safety and public health.

*Corresponding author.

According to the reports, anaerobic reactor has
been successfully applied as the first step in the full-
scale treatment plant to remove partially COD and
phenol [4,5]. But the remaining COD, phenol, hetero-
cyclic compounds, and ammonia nitrogen, which exhi-
bit poor removal efficiency in anaerobic process need
to be removed by subsequent aerobic treatment in
order to meet the requirement of concerned standard.
The biological treatment combined with activated car-
bon (AC), i.e. granular activated carbon (GAC)-sludge
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process or powdered activated carbon technology
(PACT), has been successfully applied to CGW treat-
ment, achieving effective removal of phenolic com-
pounds [6,7]. It efficiently improves hydraulic capacity
because of either increased removal rates or operation
with higher mixed liquor biomass levels. Moreover, in
the hybrid system, the mixed culture of biomass can
regenerate the active sites on the adsorbent and there-
fore, adsorption concentration rises more than the
equilibrium adsorption [8,9]. The bioregeneration pro-
cess effectively increases the reusability of the AC and
extends the service life of the spent adsorbent. So far
there have been many reports describing adsorption,
desorption and bioregeneration in the treatment of
phenol [9,10], chlorophenols [9,11], and total organic
pollutants [12-15] with AC, however, there is still a
lack of knowledge in the literature about the adsorp-
tion and bioregeneration of the nitrogen heterocyclic
compounds with AC till date. The studies on the
adsorption isotherm of these compounds and biore-
generation of AC are also limited.

In CGW treatment plant, the influent composition
of the PACT system is very complex in composition,
which contains phenol, o-cresol, m-cresol, and 3,5-
dimethyl-phenol, which are classified as phenols.
Except from above, indole, quinoline, and 6-methyl-4-
indanol, as refractory nitrogen heterocyclic com-
pounds, normally exist in the wastewater. Phenol and
indole account for the largest proportions in these two
categories, respectively [6]. So far, little work has been
done on the indole adsorption isotherm, PAC adsorp-
tion capacity for the phenol-indole mixture and the bi-
oregeneration of loaded PAC. Hence, this study aims
to investigate the adsorption of powdered activated
carbon (PAC) and GAC for phenol, indole, and their
mixtures, respectively. Besides, the bioregeneration
efficiencies and reusability of PAC loaded with phe-
nol, indole, and their mixtures were also determined.

2. Materials and methods
2.1. AC characteristics

The GAC and PAC used in this study are the most
commonly used commercial carbon types for waste-
water treatment in China. The characteristics are
shown in Table 1.

2.2. Adsorption studies

The first step in the experimental work was to
determine the adsorbabilities of phenol and indole for
PAC and GAC in batch adsorption tests. Adsorption
study was performed in 500-mL flasks with stoppers
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Table 1
Characteristics of GAC and PAC
Items GAC PAC
Activation method Thermal Thermal
Surface area (m?/g) 427.87 1237.99
Iodine number (mg/g) >600.00  >700.00
Methylene blue adsorption (g/100g)  20.00 25.00
Total pore volume (cm®/g) 0.22 0.19
Micro (® <2nm) 0.15 0.12
Meso (® 1.7-30 nm) 0.06 0.07
Macro (® > 30 nm) 0.02 0.00

to prevent volatilization and the content was agitated
at 160 rpm and 25°C in a thermostatic shaker (THA-82,
Guoli Co. Ltd, Jiangsu). The time required for reach-
ing an equilibrium phenol/indole concentration was
the equilibrium time for adsorption. The equilibrium
time was determined for estimating the shaking time
required for adsorption isotherm tests. For this
purpose, phenol/indole values in 500-mL stoppered
flasks with different AC concentrations were analyzed
with respect to time until reaching equilibrium
concentrations.

For determination of the adsorption isotherms,
different weights of AC (100mg/L-10g/L) were
contacted with different concentrations of phenol
(20200 mg/L) and indole (100-2,000mg/L), respec-
tively. These 200-mL mixtures were agitated until
reaching equilibrium, i.e. the point when the concen-
trations the bulk solution reached a constant value.
Initial and final equilibrium concentrations in the
adsorption flasks were measured and used for the
construction of adsorption isotherms. The data were
the average results of triplicate experiments.

2.3. Bioregeneration studies

After the adsorption saturation, the bioregeneration
study was continued with four of the flasks used in
the adsorption test. Initial concentrations in these
flasks were 100, 200mg/L for phenol and 100 and
200 mg/L for indole, respectively (named flasks 1-4).
Meanwhile, control test was conducted with four
flasks named flasks 5-8 with the same concentrations
in the liquid bulk as flasks 1-4, respectively, without
PAC. The total volume in each flask was about 200
mL. Flasks 1-8 were seeded with 1.6 g sludge as well
as a proper amount of necessary mineral salts. Flasks
9-10 were prepared with the abiotic 100 mg/L phenol
and 100mg/L indole, respectively, in order to
evaluate the effect of volatilization. Flasks 11-12 were
also prepared with 1.6 g sludge and abiotic 100 mg/L
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phenol and 100 mg/L indole, respectively, in order to
evaluate the effect of biodegradation during reloading.
Table 2 gives a summary of the initial conditions of
flasks 1-12.

The activated sludge was obtained from the full-
scale aerobic process CGW treatment plant in China
Coal Longhua Harbin Coal Chemical Industry Co.,
Ltd. The sludge was added to the flasks 1-10 after
being washed and starving for 24h to remove the
residual organic compounds. Then, all the flasks were
aerated and the spent air was removed by a hose and
passed through a gas-wash bottle which contained
water. Air was supplied by a compressor. One-milliliter
sample was collected from each flask and the
concentrations of phenol or indole were monitored at
different time intervals. The biodegradation was also
evaluated by determining the variation of TOC.

The re-adsorption test was to evaluate the reusability
of bioregenerated PAC. Aeration lasted for 28h (the
average HRT of the full-scale PACT system treating
CGW). Then flasks 1-4 were loaded with the same
concentrations of phenol (100 and 200 mg/L) or indole
(100 and 200mg/L) as those in the adsorption study.
The re-adsorption capacity was calculated after
determining the residual phenol or indole in the super-
natant. Then, a second and third regeneration tests were
conducted with the same procedure. In order to investi-
gate the effect of biodegradation time on PAC reusabil-
ity, a parallel re-adsorption study was also conducted
after biodegradation for 36 h. Before the reloading test,
some measures should be taken to “quench” the
biological degradation. However, reducing the tempera-
ture or dosing some reagents would probably interfere
the re-loading of phenol and indole. In the reloading
test, no oxygen was provided for the biomass. And the
“immediate absorption of the organics” was found to be
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negligible in the biodegradation test. Therefore,
the biomass activity had little effect on the reloading
ability.

2.4. Dual-adsorbate adsorption and bioregeneration of the
AC

The study on dual-adsorbate adsorption aimed to
investigate on the adsorption capacity of PAC for the
mixture of phenol and indole at different initial con-
centrations and phenol/indole ratios. Initial phenol/
indole concentrations were respectively 100 mgL ™"/
100mgL™", 100mgL™"/200mgL ™", 100mgL™"/300mg L™,
100mg L™ /400mg L™, 100mg L™ /400mg L™, 200mg L™/
200mgL~", 200mgL ™' /400 mgL™", 200 mg L™ /600 mg
L™, 200mgL™"/800mgL™", 200mgL™"/1,000mgL™",
300mgL™/300mgL™!, 300mgL'/600mgL™", 300
mgL~'/900mgL™", 300mgL™"/1,200mgL™", 300 mg
L™'/1,500mgL™", 400mgL™'/400mgL~", 400 mgL ™"/
800mgL™, 400mgL~'/1200mgL™" 400mgL™'/
1,600mgL™", and 400mgL™'/2,000mgL™". The ratio
between phenol and indole concentrations were 1:1,
1:2, 1:3, 1:4, and 1:5. The PAC dosage was fixed at 1
g/L.

Biodegradation and bioregeneration of PAC loaded
with phenol-indole mixture were studied after adsorp-
tion equilibrium was reached. The test was conducted
with the flasks with initial phenol/indole concentration
of 100mgL™"/100mgL™", 100mgL™"/200mgL™", 100
mgL™'/300mgL~", and 100 mg L™ /400 mg L™". Phenol
and indole concentrations were determined at different
time intervals. Afterwards, the re-adsorption test was
conducted with the four flasks above. The PAC was
loaded with mixtures, with initial phenol/indole concen-
trations, i.e. 100 mgL™" /100 mgL™", 100 mg L™ /200 mg
L™, 100mgL™"/300mgL™", and 100mgL~" /400 mg L ™",

Table 2

Initial conditions of the flasks in the bioregeneration studies

Flask Phenol (mg/L) Indole (mg/L) Sludge (mL) PAC (g/L)
1 91.27 - 200 0.2
2 156.5 - 200 0.5
3 - 76.02 200 10
4 - 121.2 200 10
5 91.50 200 -
6 156.8 200 -
7 76.44 200 -
8 121.2 200 -
9 100.3 - 0 -
10 - 100.0 0 -
11 100.0 200 -
12 100.1 100 -
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respectively. The re-adsorption capacity was calculated
after determining the residual phenol or indole in the
supernatant. Then, a second and third regeneration tests
were conducted with the same procedures and loading-
biodegradation cycles of PAC were carried out to deter-
mine the adsorption capacity loss and reusability of
PAC. Some particles of spent PAC above were randomly
selected and observed under a scanning electron micros-
copy (SEM, HITACHI 54800 HSD, Japan).

2.5. Effect of pH on the adsorption of indole by PAC

In order to demonstrate the effect of pH on the
indole adsorption, five flasks with indole of 1,000 mg/L
were mixed with 1g/L PAC after adjusting pH to 3.06,
5.46, 7.01, 9.82, and 12.25, respectively. The adsorption
capacities of PAC for indole at different pH were
compared.

2.6. Analytical methods

BET area and pore distribution of the AC were
assayed via the BETSORP-mini physicochemical N,
adsorption analyzer (JW Co. Ltd, China). The analyti-
cal method for the mixed liquor suspended solid
(MLSS) followed the Standard Methods [16]. Phenol
and indole concentrations were quantified by the
high-performance liquid chromatography (HPLC)
(Agilent 1100) after the samples were filtered with
0.45 um Millipore filters. HPLC analyses were per-
formed on a reverse phase C-18 column with metha-
nol:water (60:40) mobile phase at a constant flow rate
of 0.5mL/min, and detected using UV at 285nm, at
room temperature. TOC was determined with TOC-
VCPN analyzer (Shimadzu, Japan). The pH was mea-
sured with a pH meter (pHS-3C, Leici, China).

3. Results and discussion

3.1. Adsorption studies for phenol and indole as sole
adsorbate

The equilibrium time was determined for estimat-
ing the shaking time required for adsorption isotherm
tests. Equilibrium time was described as the time
when the phenol or concentration reached a constant
value, and was determined as 4 h for phenol, and 1h
for indole as seen in Fig. 1. This argument also
applied to other initial concentrations and carbon dos-
ages, which were not shown in this figure.

The adsorption isotherm data for phenol and
indole are plotted in Fig. 2. The adsorption isotherm
data was found to fit the theoretical Freundlich
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Fig. 1. Concentration profiles of phenol and indole
during adsorption by PAC and GAC at certain initial
concentrations and dosages.

equation and Langmuir expression defined in Egs. (1)
and (2), respectively.

q =K Cl/n M

In Eq. (1), g is the adsorption capacity of the AC (mg
phenol/indole adsorbed/g AC); C is the equilibrium
phenol/indole concentration (mg/L), and K¢ and 1/n
are the Freundlich constants (Freundlich exponent and
slope).

q=QobC/(1+bC) 2

In Eq. (2), C is the measured concentration in solution
at equilibrium; Qp is the maximum adsorption capac-
ity; g is the adsorption capacity of the AC (mg phenol/
indole adsorbed /g AC) at concentration C, and b is the
constant related to the energy of adsorption.
Freundlich and Langmuir adsorption isotherm con-
stants obtained by regression analysis for phenol and
indole are shown in Tables 3 and 4, respectively.
Slightly lower 1/n values for the phenol indicated that
an increase in the AC dose was more effective for phe-
nol removal rather than in the case of indole with
steeper isotherm curves. The K¢ value, an indicator of
adsorption capacity, was found to be higher for the
phenol and PAC. Phenol was more strongly adsorbed
onto the carbon in comparison with indole. The PACs
were obviously better adsorbent for phenol than GAC.
The differences in adsorption capacities between the
powdered and GACs were certainly caused by their
different surface characteristics [11]. Although PACs
had lower macropore volumes than their granular
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Fig. 2. Adsorption isotherms of powdered and granular activated carbons for (a) phenol and (b) indole.

Table 3

Freundlich isotherm constants for phenol and indole adsorption

Adsorbate Carbon type K; [(mg/g)(L/mg) /"] 1/n R?
Phenol PAC 3.02 0.667 0.952
Phenol GAC 1.52 0.692 0.980
Indole PAC 0.121 0.808 0.927
Indole GAC 0.0401 0.847 0.907
Table 4

Langmuir isotherm constants for phenol and indole
adsorption

Carbon type Qo (mg/g) b (L/mg) R?
Phenol  PAC 103 0.0160 0.913
Phenol ~ GAC 80.7 0.00860 0.990
Indole  PAC 412 0.00200 0.959
Indole  GAC 46.9 0.000400  0.931

countertypes (shown in Table 1), macropores only
contributed slightly to interfacial area compared to mi-
cropores and mesopores, regardless of the adsorbent.

AC was characterized by a high level of microporosity
and various active sites (acidic, alkaline). The differ-
ences probably came from these attributes.

3.2. Bioregeneration and reusability of PAC loaded with
sole adsorbate

Steady phenol and indole concentrations in flasks 9
and 10 during 10h aeration period indicated that the
volatilization effect could be negligible in this test
(Fig. 3). Considering acclimated biomass was used for
the batch biodegradation test, it was reasonable that
no lag time was observed. For flasks 5, 6, 7, and 8
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Fig. 3. Concentration profiles of phenol and indole during the bioregeneration process.
Note: The substrate concentrations are referring to the concentration analyzed via HPLC, i.e. the concentration in the

liquid bulk.

which contained no PAC, the substrate concentrations
were almost constant during the first 5min, so the
“immediate absorption of the organics” was negligi-
ble. During 28 h aeration, both the phenol and indole
decreased progressively owing to the utilization by
the acclimated biomass, although with different degra-
dation rates. Based on the data from flasks without
PAC, the phenol and indole removal rates were calcu-
lated to be approx. 2.68 mg phenol/(gMLSSh) and
0.44mg indole/(gMLSSh), respectively. The differ-
ences in the biodegradability of phenol and indole
were in good agreement with previous studies [17,18].
As shown in Fig. 3, it took more time for the bio-
mass/PAC to consume the substrates, even though
the bulk concentrations were the same, e.g. flask 4 and
8. The longer degradation time could be explained by
the adsorbates previously loading on the carbons. This
fact also indicated that the substrates loading on PAC
could be utilized by biomass, allowing PAC in PACT
to be bioregenerated, which was also concluded from

the results of re-adsorption studies in Fig. 4. In
addition, no obvious biodegradation was observed for
flask 11 and 12 (Fig. 3(a)) probably due to short sup-
ply of oxygen. This fact also indicated that there was
no degradation of phenol/indole during the subse-
quent reloading process.

In biological systems combined with AC, bioregen-
eration required that phenol or indole could be ini-
tially adsorbed onto the carbon’s surface where
microorganisms resided (Fig. 4). Consequently,
adsorption concentration rose more than the equilib-
rium adsorption concentration through the decrease of
bulk concentration by biological activity. Then, the
adsorbed organic matters were desorbed due to the
concentration gradient between the AC surface and
bulk liquid. Therefore, more active sites available on
ACs surface were obtained for subsequent re-adsorp-
tion [19,20].

During mineralization or oxidation of phenol and
indole (10-28h aeration), more significant decrease
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Fig. 4. SEM image of the surface of the spent activated carbons.

in TOC was observed for phenol as compared to
indole (data not shown). Therefore, phenol and
indole were partly removed and transformed into
other organics.

In the re-adsorption test, the bioregeneration
capacity can be calculated by using Eq. (3).

wj (%) = Sei/Seo x 100% (3)

Seg is the original adsorption capacity of the AC (mg
substrate adsorbed/g AC); Se; is the adsorption capac-
ity of AC (mg phenol adsorbed/g AC) after i cycle(s)
of loading biodegradation (i=1, 2, 3, 4...), e.g. Se; and
Se, means the adsorption capacity after a second and
third bioregeneration steps.

In this bioregeneration study, w; were 95.28 +0.47,
9494 +0.56, 82.75+0.08, and 79.66 +0.38% for flasks
1-4, respectively. Therefore, the indole-loaded PAC
seemed more difficult to be bioregenerated, indicating
that the reusability of PAC was closely related with
the biodegradability of adsorbates. In addition, PAC
could not be retrieved completely, even though
the adsorbates in bulk solution decreased to low
concentrations.

After a second and third bioregeneration steps, w;
were 89.63 £2.03, 88.53 +0.94, 78.51 £0.74, and 67.17 +
1.90% and w3 were 81.44+1.83, 79.53+0.34, 58.21 =
0.85, and 48.26 +2.00%, respectively. The progressive
loss of adsorption capacity with the cycles of use
could be explained by the chemical fouling and the
biofouling by the blockage of pores of adsorbent,
which was caused by the bacteria debris and/or the
adsorption of soluble microbial products onto the sur-
face of PAC. In addition, extending the biodegradation
time to 36 h was not effective to improve the regenera-
tion of adsorption sites and reusability of PAC (data
not shown).

3.3. Adsorption of PAC for phenol-indole mixture and
bioregeneration of PAC

In the dual-adsorbate adsorption study, the
adsorptive preference of PAC can be evaluated by the
parameters—yphenol and Jindoley Which are defined by
Egs. (4) and (5):

yphenol = q;)henol/ thBHOI (4)

Yindole = qgndolc/qind(ﬂe (5)

9 phenor—Adsorption capacity for phenol when AC
was loaded with phenol-indole mixture. gpnenor—7The
equilibrium adsorption capacity for phenol as sole
adsorbate. g'ingole—Adsorption capacity for indole
when AC was loaded with phenol-indole mixture.
Jindole—T'he equilibrium adsorption capacity for indole
as sole adsorbate.

Fig. 5 presents the unexpected results of yphenol
and yingole in the dual-adsorbate adsorption study.
Yphenol Was in the range of 0.022-0.040, indicating low
adsorption capacity for phenol in the presence of
indole. The yphenor stayed at low value regardless of
the ratio and indole concentrations. In contrast, the
Yindole Was all above 1 in the presence of phenol. This
fact suggested that the phenol in the bulk solution
contributed to higher indole-reloading capacity. And it
seemed that this capacity could be improved
especially by phenol at low concentrations, e.g. 100
and 200 mg/L (shown in Fig. 5). yingole reached high
to 3.95 with initial phenol/indole of 100mgL™"'/
100 mg L™". The ionization of phenol was supposed to
explain the seemingly weird phenomenon. According
to the previous reports, the surface characteristics of
the AC in terms of acidity/alkalescence [11,21] and
surface charge significantly determined the adsorption
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Fig. 5. Profiles of yphenot and yindole in the dual-adsorbates adsorption.

capacity for the pollutants [22]. Since the phenol was
weakly acidic and the thermally AC was basic, and
the release of ionized H" from phenol might change
the attributes of the original surface, which therefore
influenced the adsorption capacity for indole. How-
ever, this explanation contradicted with the study on
the effect of pH on equilibrium bulk indole concentra-
tions. At a pH of 3.06, 5.46, 7.01, 9.82, and 12.25, the
equilibrium adsorption capacities for indole were
24.54, 23.06, 24.18, 23.25, and 25.40 mg/g, which were
almost unvaried with pH. Therefore, H* could not be
the reason for the increase of adsorption capacity for
indole in the presence of phenol. The preferential
adsorption for indole was probably caused by higher
energy bonding of indole molecules to specific func-
tional groups on the active sites [8,10,23].

In the subsequent bioregeneration study, the phenol
was almost completely degraded after 28 h aeration in
all the flasks while the indole of 300, 400, and 500 mg/L
seemed surplus for the biomass (data now shown).
And it was noteworthy that the indole removal rate
was approx. 3.10-3.2mg indole/(gMLSS h), compared
to the rate of 2.5mg indole/(gMLSSh) in Section 3.2,
indicating that more indole could be removed in the
presence of phenol as co-substrate.

For indole, wijngole Were 90.38 +1.15 and 87.36
0.74% at phenol/indole ratio of 1:1, 1:2, i.e. at the ini-
tial indole concentrations of 100 and 200 mg/L, respec-
tively, compared to @1indote Of 82.75+0.08 and 79.66 +
0.38% described in Section 3.2 when indole was the
sole substrate. After a second and third regeneration
steps, Waindole Were 88.12 +1.45 and 84.07 +0.66% and
W3indole Were 82.51 +0.35 and 79.78 +2.94%. In contrast,
Woindole Were 78.51 +0.74 and 67.17 +1.90% and w3ingole
were 5821+0.85 and 4826+2.00% in the sole-

substrate re-adsorption test in Section 3.2. Therefore,
the phenol enhanced the biodegradation of indole,
which generated more available adsorption sites for
the accommodation of more indole molecules in the
re-adsorption process. Similarly, other refractory com-
pounds, e.g. monochlorophenols and cresols were
more efficiently removed by a cometabolic pathway in
the presence of phenol [24-26]. At initial indole con-
centration of 300, 400, and 500mg/L, ®indole Were
only 42.66+057, 31.64+015 and 18.28x0.32%,
respectively, probably due to the inadequate degrada-
tion of indole with relatively high concentrations.

Theoretically, the findings about selective adsorp-
tion for phenol-indole mixture revealed that PACT
was suitable for the treatment of the wastewater con-
taining phenol and indole. PACs preferentially
adsorbed the recalcitrant indole while the relatively
easily degradable phenol was utilized by the biomass
in the bulk solution. Besides, phenol enhanced the
degradation of indole and the reusability of PACs,
thereby resulting in a stable and efficient performance
of PACT.

4. Conclusions

The adsorption isotherm data suggested that PAC
was a better adsorbent for phenol than GAC. The bior-
egeneration of indole-loaded PAC was more difficult
due to the higher recalcitrant nature of indole. In the
dual-substrate adsorption test, PAC exhibited much
higher adsorption capacity for the indole, especially
when the phenol was of low concentration. In addi-
tion, the biodegradation of indole could be enhanced
in the presence of phenol as co-substrate, leading to a
high reusability of indole-loaded PAC. Therefore, the
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findings in this study reflected the superiority of
PACT system for the treatment CGW. Within the sys-
tem, the recalcitrant indole could be removed via
adsorption while the relatively easily degradable phe-
nol could be utilized by the biomass.
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