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Abstract: In this study, removal of phenol which is classified as priority pollutant by US EPA, was
experimentally investigated using different removal techniques including; adsorption using Granular Activated
Carbon (GAC), biodegradation using six different active phenol uptaking bacteria, combined GAC sorption
and biodegradation (Biological Activated Carbon, BAC) and GAC coupled with inactive bacteria (biosorption).
A solution of 100 mg L=* phenol at room temperature was considered as the wastewater. The study was
performed in the temperature range 25-30°C. The results of these different techniques revealed that activated
carbon sorption is better than the other methods in removing phenol. The removal efficiency of this technique
reached a value of 97% corresponding to residual phenol concentration of 3 mg L. The equilibrium sorption
was reached after 48 h of contact. The adsorption data was better fitted to Langmuir model with adsorption
capacity of 90 mg g~*. The adsorption was found to be second order with both intraparticle diffusion and film
diffusion to control the adsorption process. The least effective removing method of phenol was the
biodegradation using active bacteria alone. The residual concentration of phenol attained by this method was
17 mg L. According to the results of this study approximately 80% of the overall biological activity for
removal of phenol was due to the surface sorption on the cell wall, whereas, about 20% of this activity was due

to biodegradation.
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INTRODUCTION

Wastewater from petroleum refineries contains a
wide range of pollutants. In addition of organic pollutants
such as phenol, phenol compounds and aromatic
compounds which are the main reason of high Chemical
Oxygen Demand (COD) of such wastewater and salinity
due to the use of sea water in some stages of the process,
some inorganic ions, such as Mg*, Ca*, S*-, CI~ and
SO,* are also present (Alva-Argaez et al., 2007). Phenol
and phenolic compounds are widely involved in many
other industries, such as dyes, plastics, cleaning agent
manufacturing, pesticides in agricultural industry,
construction ~ of  automobiles and  appliances
(Karunarathne and Amarasinghe, 2013), Steel industries
(Yan et al.,, 2011), coal-related industries i.e., coal
gasification and coking plants (Lorenc-Grabowska et al.,
2013), pulp and paper (Figuerola and Erijman, 2010),
polymeric resin production, petrochemical and ceramic
plants (Pigatto et al., 2013). Therefore, the wastewater
from these industries contains various concentrations of
these compounds (Yavuz et al., 2010).

Phenol is very harmful for mammals, fish and other
aquatic life organisms even at very low concentration
due to its high toxicity and carcinogenic properties.
Phenol is respiratory irritant and it is corrosive to
skin and eyes upon direct contact (Hank et al., 2014).
The overexposure to phenol affects on the central
nervous system in catastrophic irreversible manner
(Karunarathne and Amarasinghe, 2013). The ingestion of
phenol-contaminated water may cause protein
degeneration and damages of kidney, liver and pancreas
in human bodies (Knop and Pilato, 1985). Phenol and
other phenolic compounds can undergo chlorination,
methylation or nitration reaction in wastewaters forming
more harmful derivatives (Praveen and Loh, 2013).
Phenol is included in the list of priority pollutants by the
US Environmental Protection Agency (US EPA) and it is
also classified as priority contaminants by the European
Union (Lavilla et al., 2012). The toxic concentration of
phenol ranges between 10 and 24 mg L~ for human and
between 9 and 25 mg L™ for fish. Lethal blood
concentration of phenol is around 150 mg/100 mL
(Kulkarni et al., 2013).
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Phenolic compounds are the most important
contaminants contributed to COD in wastewater produced
from petroleum refineries (Yan et al., 2011). To meet
environmental regulations for the direct discharge of
water into natural waterways or municipal sewage
systems, a reduction in the concentration of phenolic
compounds to <0.5 mg L~ is required (Lamb et al.,
2010). Many technologies have been investigated to
remove phenol from water and wastewater, such as,
extraction, distillation (Yan et al., 2010), ultrasonic
degradation (El-Naas et al., 2010), photocatalytic
degradation (Tu et al., 2013), ozonation (Zain et al.,
2014), membrane separation (Busca et al., 2008), ion
exchange (Karunarathne and Amarasinghe, 2013),
electrochemical methods (Abdelwahab et al., 2009;
Yavuz et al.,, 2010; Yan et al., 2011) and advanced
oxidation processes (Dotto et al., 2013). Adsorption is a
widely used technique for removal of many organic
compounds including phenol (El-Naas et al., 2010;
Zain et al., 2014). The most common adsorbents are
activated carbon, carbon nanospheres, SiO,, chitin
(Pigatto et al., 2013), fly ash (Chaudhary and
Balomajumder, 2014) and synthetic polymeric adsorbents
(Qin et al., 2013). Some low cost adsorbent such as
bagasse, coconut shell, tea waste biomass and press mud
were also studies (Chaudhary and Balomajumder, 2014).

Biosorption which is a technique that combines the
advantages of adsorption with the use of natural, low-cost
and renewable biosorbents is now investigated for
removal of phenol from aqueous solutions (Dotto et al.,
2013). Many biosorbents have been studied, for example,
Spirulina sp. (Dotto et al., 2013), Aspergillus niger
(Rao and Viraraghavan, 2002), fungal mycelia (Wu and
Yu, 2006), marine seaweeds (Navarro et al., 2008),
Funaliat rogii (Bayramoglu et al., 2009), chitosan
(Nadavalaetal., 2009) and Phanerochaete chrysosporium
(Farkas et al., 2013).

Biodegradation is another method that can be
used for treatment of wastewater containing phenol
(Piubeli etal., 2012; Friman et al., 2013; Kalaiarasan and
Palvannan, 2014; Zidkova et al., 2013). Nevertheless, the
presence of phenols reduces the biodegradation of
other compounds when phenol concentration exceeds
400 mg L~ (Viero et al., 2008).

The purpose of this study is to evaluate the efficiency
of three different techniques for removal of phenol from
simulated wastewater. The selected techniques are
adsorption on Granular Activated Carbon (GAC),
biosorption on GAC loaded with inactive bacteria,
biosorption on GAC loaded with active bacteria and
biodegradation using two different microorganisms.
Laboratory batch kinetics and isotherm studies were
conducted to evaluate the adsorption capacity of phenol to
Granular Activated Carbon (GAC). Phenol up-taking
bacteria were isolated from a local enriched soil in order

17

to study their performance in removing phenol by
biodegradation and biosorption processes. The results
obtained from all these different techniques were
compared.

MATERIALS AND METHODS

Granular activated carbon, prepared in our lab, had a
bulk density of 500 g L=, particle size of 10-18 mesh,
surface area of 900-1000 m? g~* (internal) and ash content
of 5-8% was used in this study. In this study, only single
solute solutions of 100 mg L~ of phenol were used to
conduct the experiments. The selection was based on its
load in wastewater and toxicity information (EPA., 1995).

Microorganism and growth medium: The selection of
microorganism capable of degrading phenol went through
several stages presented in the following sections:

Enrichment and incubation of local soil: An
uncultivated soil (pesticide-free soil) was sampled near Al
Jimi Campus and Al Magam Campus of University of
UAE. Samples were dried and grinded to enhance
bacterial growth on solid particles. The ground soil
samples were sieved to obtain sand particles of 256 pum.
Four different concentrations of phenol (4, 200, 500 and
1000 mg L) were added to 150 g of dried soil samples
to determine its toxicity levels. The batch-aerated soil
media were incubated at 37°C for 10-15 days.

Selective isolation of microorganisms: Direct isolation
from the natural material is possible for many bacteria by
using selective agar media. The first step of isolation
procedure was the preparation of liquid soil broth by
suspending 10 g of each enriched soil sample in 100 mL
of sterile distilled water (at 121°C for 30 min). The
inoculums are subjected to serial dilution in a sterile
medium until reaching end point dilution. Minimal
medium that is composed of mineral salts and a carbon
(energy source) only, was used as a solid media. The
composition of the synthetic medium used for isolation is
(in g L™%: Na,HPO, 10, KH,PO, 1, (NH)4S0O, 3, FeCl,
0.018, NaCl 0.2, MgSO,.7H,0 0.2, CaCl, 0.08, Yeast
Extract 0.5) (Pai et al., 1995). The compound used to
solidify media in Petri dishes was nutrient free agar
(20 g L~ mineral liquid). Phenol was added with different
concentrations (200, 500, mg L*and 1, 5 g L™}), one for
each thio broth previously prepared.

Identification of bacterial isolates to species level:
Gram-negative and -positive bacterial isolates were
identified using standard methods including Gram stain
and general morphology, spore formation, colony
morphology, pigmentation, physiological and biochemical
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Table 1: Identification results of the isolated bacteria
Source of energy and isolate numbers Identification

Phenol

P2 Bacillus firmus

P6 Bacillus longisporus

P7 Pseudomonas fluorescens
P8 Bacillus pumilus

P10 Pseudomonas putida

P11 Pseudomonas spp.

tests as described by Palleroni (1984) and Sneath (1986),
respectively. The APl 20E diagnostic strips
(bioMerieuxsa, Marcy I'Etoile, France) and the APl 20B
(APl System SA, La Balme Les Grottes, Montalieu,
Vercieu, France) were also used in the identification.
These isolates were identified as presented in Table 1,
where P is phenol-utilizing bacteria. All identifications
were carried out in the Department of Biology, United
Arab Emirates University.

Analytical techniques and instruments: The
concentration of residual phenol in the adsorption,
degradation and biosorption systems were measured using
160-A double beam UV spectroscopy (Shimadzu)at
wavelength (A = 270 nm). Membrane syringe filters with
pore size = 0.45 um were used to remove solid particles,
whereas, pore size of 0.2 um was used to sterilize the
filtrate liquid from any possible contamination of biomass
during the degradation and the biosorption experiments.
Moreover, bacterial growth was measured at A = 600 nm
as Transmittance percentage (T%).

Batch studies: Wastewater contaminated with phenol in
the range of 5-500 mg L~* can be treated by biological
process (Monteiro et al., 2000). Moreover, the highest
growth rate of biomass due to the degradation of phenol
was observed at an initial concentration of approximately
100 mg L. For adsorption experiments, 50 mg of GAC
was added to 20 mL of 100 mg L~ phenol solution in
120 mL septum bottles in order to conduct the adsorption
rate experiments. For degradation and biosorption
experiments, 0.5 g of GAC was added to 200 mL of
mineral basal medium of 100 mg L~* phenol in 1 L
Erlenmeyer flasks (50 mg/20 mL) with isolated bacteria.
Two equal volumes of 100 mL cultivated bacteria were
added to 2 Erlenmeyer flasks in order to start degrading or
biosorping with the same concentration of bacteria.
All batch systems were aerated by shaking the flasks and
bottles to keep the oxygen concentration constant and not
limiting for the degrading bacteria (Monteiro et al., 2000).
The shaking rate was kept constant at 120 rpm. The
experiments were conducted at the initial pH of the
systems which is 5.65. This value is close to the pH value
at which highest degradation levels were obtained
(Annadurai et al., 2002). The temperature of the system
was fixed by a water bath shaker at 25°C. The range of
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temperature between 25-30°C provided the highest
growth rate of P. putida (Monteiro et al., 2000;
Annadurai et al., 2002).

Effect of time on adsorption of phenol on GAC: The
preliminary kinetic experiment was an essential step to
show the time required to reach equilibrium for phenol.
Twenty screw cap vials were used in this experiment.
Each sample was prepared in 120 mL vials with 50 mg of
GAC with phenol solution leaving 100 ml headspace. The
bottles were placed on a water bath shaker at 120 rpm and
25°C. Periodically, one vial was removed from the water
bath at a certain time. Then, the filtrate was analyzed
using UV spectroscopy to determine the residual of
phenol concentration. The control sample (blank solution
with no activated carbon) was checked periodically to
determine the loss of phenol due to volatilization and/or
adsorption on the container walls.

Adsorption equilibrium of phenol on GAC: The
adsorption isotherm was conducted by adding different
masses of GAC (5, 10, 20, 30, 40, 50, 60 and 70 mg) to
20 mL of 100 mg L~* phenol solution in 120 mL glass
screw cap vials. Each weight was duplicated in order to
analyze the residual concentration of phenol with the
same amount of GAC after 24 and 48 h.

Biodegradation experiments: The main objective of
these experiments is to examine the potential of phenol
removal from the synthetic wastewater by one or more
type of microorganism. One liter of mineral media was
prepared. Pre-weighed phenol (0.25 g) was added to
mineral media. Under laminar air-flow cabinet, a single
microorganism suspension of 100 mL was contacted
with 100 mL mineral solution of 200 mg L™* phenol
concentration in order to reach 100 mg L™ as a final
phenol concentration. The openings of all Erlenmeyer
flasks were flamed and the graduated cylinders were
sterilized by 10% methanol solution (Sigma Aldrich) in
order to prevent air contamination. Then, the 200 mL of
the final solution was poured in 1-L Erlenmeyer flask and
closed by a thick layer of cotton. The preparation
procedure of 200 mL mineral solution containing P7
microorganism suspension was repeated to prepare the
other five solutions. The six Erlenmeyer flasks were
placed on a water bath shaker set for 2 weeks. The results
obtained from the degradation experiment were used to
determine the uptake rate differences between the six
single strains of microorganisms capable to biodegrade
phenol. The reduction of phenol concentration was
measured, respectively by filtering a sample of each
solution through 0.2 um syringe filter and analyzing the
filtrate by 160-A Double Beam UV spectroscopy
(Shimadzu). Each filtrate sample was placed in a quartz
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cell and the blank sample was placed in the other cell with
zero absorbance value. The microbial growth rate of
single strain was measured directly by UV spectroscopy
without filtration and the control sample was a sterile
mineral media. Ten percent ethanol solution was used to
sterilize all equipment and apparatus needed for analysis.

Biological Activated Carbon experiments (BAC):
The procedure used in biological activated carbon
experiments was similar to the one used during the
degradation experiments. The only difference, was the
addition of 500 mg of GAC to 200 mL of mineral media
contained 100 mg L~* phenol and 100 mL of single
microorganism suspension. Then, one strain was selected
to study the biosorption efficiency with dead biomass and
compare it with the results obtained from the
biodegradation using live bacteria. Pseudomonas
fluorescens individual microorganism suspension of
100 mL that had the same microbial turbidity percentage
of the previous degradation tests were inactivated by
autoclave (121°C, 30 min). These two steps were repeated
to prepare 200 final solutions containing the initial
concentrations of the organic chemicals, the specific
amount of sorbent and 40% of the microbial turbidity
percentage of P7 for about 72 h.

Combination of GAC and inactive bacteria
(Biosorption): Two strains were selected to study the
biosorption efficiency with dead biomass and compare
teem with the results obtained from using live bacteria.
Earlier studies on the biosorption of toxic organics with
fungal biomass have indicated that better removal was
obtained with dead fungal biomass than with live biomass
(Rao and Viraraghavan, 2002). Pseudomonas fluorescens
individual microorganism suspension of 100 mL that
had the same microbial turbidity percentage of the
degradation experiments was inactivated by autoclave
(121°C, 30 min). Then, 100 mL of the dead suspension of
P7 was combined with 100 mL of mineral solution with
100 mL phenol concentration and 500 mg GAC in 1 L
flask. These two steps were repeated to prepare 200 mL
final solutions contained the initial concentrations of
phenol, the specific amount of sorbent and 40% of the
microbial turbidity percentage of P7. In this case, the
adsorption capacities of different densities of dead
microorganism combined with GAC were examined and
determined at 25°C and 120 rpm of the water bath shaker
for about 72 h.

RESULTS AND DISCUSSION
GAC adsorption

Equilibrium study: The equilibrium studies are very
important in understanding the adsorption mechanism,
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designing the adsorption process, identifying the surface
properties of the sorbent and the affinities between the
adsorbent and adsorbate molecules (Pacurariu et al.,
2013). Analysis of the adsorption equilibrium data
was done using Langmuir, Freundlich, Temkin and
Dubini-Radushkevich models. The Langmuir adsorption
model is based on the assumption that adsorption takes
place on specific sites on the surface of adsorbent. No
lateral interaction takes place between the sorbed
molecules. The maximum adsorption corresponds to a
saturated monolayer of solute molecules on the adsorbent
surface.
The linearized form of this model is given by the
following equation (Foo and Hameed, 2010):
Cd/a. = 1/(a,k)+Cda, 1
where, C, (mg L™) is the equilibrium concentration,
g. (mg g™ is the adsorption capacity at equilibrium,
g, (mg g™ is the maximum adsorption capacity and
K, (L mg™) is constant related to adsorption rate. The
favorability of the adsorption is given by the
dimensionless separation factor R, which is given by
Eq. 2
R, = 1/(1+k,C)) v
where, C, (mg L) is the initial dye concentration and K
is Langmuir constant. The value of separation factor
indicates the favorability of the adsorption process as
follows:

Unfavorable (R, >1), linear (R, = 1),
favorable (0<R, <1) and irreversible (R, = 0)

On the other hand, Freundlich isotherm is an
empirical equation employed to describe adsorption on
heterogeneous surfaces (De Martino et al., 2013). The
linear form of this model is represented by (Foo and
Hameed, 2010):

Ing, = In kq+1/n(InC,) (3
where g, and C, have the same designation as Langmuir
equation, k; (mg g~ (1 mg)1/n) is a constant related to the
bonding energy and 1/n is identifying the adsorption
intensity of adsorbate onto adsorbent. If the value of
exponent n is greater than 1, then the adsorption
represents favorable adsorption conditions.

Temkin isotherm (Foo and Hameed, 2010) assumes
that the decrease in the heat of adsorption is linear rather
than logarithmic, as implied in Freundlich isotherm. The
adsorption process is characterized by a uniform
distribution of binding energies all over the surface of
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Table 2: Adsorption parameters for the applied adsorption models

Freundlich Langmuir Temkin D-R
Equilibrium times ~ R? K¢ n R? [ K, R, R? B K R? o E
24h 0.964 23714 3300 0984 909 0250 0.039 0964 0324 17257 0.885 57.970 0.745
48h 0.965 27.606 3.086 0990 90.9 0.167 0.057 0.965 0.303 33928 0.887 45.787 1.581

adsorbent. One very important feature of this model is the
presence of a factor that explicitly takes into account the
interaction between the adsorbate and the adsorbent. The
linear form is given by:

Ge = By (In ky)+B: In(C,) (4)

®)

where, g, (mg g~*) and Ce (mg L™) are the same as in
Langmuir equation, R is the universal gas constant
(8.314 I M1 K), b (J M%) is Temkin isotherm constant
related to the heat of adsorption and T is the absolute
temperature (K). The constant K; (L mg™) is the
equilibrium binding constant, corresponding to maximum
binding energy. The Dubinin-Radushkevich linearized
equation is given by the following equation (Foo and
Hameed, 2010):

B, = (RT)/b

Ing, = Inq,,-Be? (6)
where, g, is the same as in Langmuir model, q,, represents
the maximum adsorption capacity of adsorbent (mg g=™)
and B is constant related to the mean free energy of
adsorption per mole of adsorbate.

The Polanyi potential is given by:

e = RT In(1+1/C,) @)

E = 1/(2B)*® (8)

This model is helpful in determining the nature of the
adsorption process; physical or chemical. It can also be
used for estimating the maximum adsorption capacity of
the system.

Table 2 summarizes the fitting of the experimental
data to the four models. The fitting of the data to the
models was compared using the correlation coefficient
(RY. It is clear from the data that Langmuir best fits the
data which suggests the adsorption to take place on a
monolayer on the surface of GAC. The separation factor
R, is much less than 1 which implies low surface energy.
High affinity and stronger bonding of the adsorbents to
the adsorbate molecules. The maximum adsorption
capacities at the two periods studied (24 and 48 h) are the
same (90.9 mg g~%) indicating that equilibrium has been
attained within 24 h. This value is comparable to the
experimental value which assures the good fitting of the
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data to this model. Many researchers reported the
fitting of phenol adsorption to Langmuir model
(Dabrowski et al., 2005; Derylo-Marczewska et al., 2006;
Qian et al., 2009).

Meanwhile, Freundlich fits to the data is good with
R? = 0.965. The value of n being greater than 1 assures
the high affinity of the adsorbent to the adsorbate.
Additionally, as the K; value increases, as illustrated
in Table 2 by the values 23.714 and 27.606
(mg gt (I mg)l/n) at 24 and 48 h, respectively, the
adsorption capacity of the adsorbent increases.

Temkin isotherm was studied to explore the Gibbs
free energy change (AGo) as:

B, = RT/AGo

The values of AGo was found to be 7.65 and
8.18 kJ M~ for the two equilibrium time periods studied,
24 and 48 h, respectively. These values were lower than
10 kJ M~ indicating a physical adsorption process
(Kumar and Kirthika, 2009).

The approach was usually applied to distinguish the
physical and chemical adsorption of metal ions. If the
mean free energy, E, is less than 8 k] M2, the adsorption
is physical in nature. If the value is between 8 and
16 kJ M7, ion exchange may take place. If the value is
greater than 16 k] M~ the adsorption process has a
chemical nature. It can be noticed that although the
correlation coefficient values for adsorption periods are
low, the E-values are less than 8, indicating that the
adsorption process has a physical nature. This agrees well
with the results obtained from Temkin model.

Kinetic study: Adsorption kinetic is important property
since it describes the rate of adsorption which in turn
helps estimating the time required for adsorption in the
reactor. It determines the mechanism of the adsorption
process which helps in controlling the adsorption reaction.
It also helps in defining the efficiency of sorption. The
experimental data on the effects of the contact time on the
adsorption capacity for 100 mg L= phenol are shown in
Fig. 1.

It can be observed that the phenol uptake is very fast
in the first 4.5 h. The 82% of the removal efficiency was
attained within this period. A control sample was used
and it showed no loss of phenol due to volatilization
and/or adsorption on the container walls under the
conditions of the experiments. The adsorption process
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Fig. 1: Effect of time on adsorption of phenol on GAC

Table 3: Adsorption rate models of phenol on GAC

Parameters Values
Pseudo first order

R? 0.877
K, 0.270
O 33.650
Pseudo second order

R? 0.977
K, 0.018
O 38.460

became slower near the equilibrium that was reached after
21 h. This can be attributed to the large number of vacant
surface sites available for adsorption at the initial stage. In
time, these sites got occupied and the remaining adsorbate
ions would for the remaining sites. Also, a repulsive force
between the already adsorbed molecules and the
molecules remained in the liquid phase will arise. This
repulsive force will resist the adsorption process.
These results are in agreement with the literature data
(Al-Muhtaseb et al., 2011; Ozdes et al., 2011,
Huang et al., 2012). Another reason for this variation of
adsorption rate is the concentration gradient. At the early
stage of adsorption the concentration gradient is high
which accelerate the adsorption process. In time, the
concentration gradient decreases causing decrease in the
adsorption rate.

To estimate the rate of adsorption of phenol on GAC,
pseudo first order, pseudo second order models were
applied. The experimental data was fitted to Elovich,
Intraparticle and Boyd diffusion models to investigate the
mechanism of adsorption (reference). The pseudo first
order rate equation of Lagergren, is expressed by the
following equation:

In(0-qy) = Inge-k,t 9)
where, k, (h™) is the rate constant of the first order
adsorption rate, g, and g, (mg g~*) are the concentration of
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phenol in solution at equilibrium and at any time t (h),
respectively. The linearized form of pseudo second order
equation is given by the following equation:

t/g, = 1/k, 0, tt/gm (10)
where, k, (g mg~ h™?) is the rate constant of the pseudo
second order equation, g,, (mg g™) is the maximum
adsorption capacity, g, (mg g~?) is the amount adsorbed at
time t (h). While the pseudo first order model only
describes the initial state of adsorption, the pseudo second
order model predicts the behavior over the entire range of
adsorption process including external liquid film
diffusion, surface adsorption and intraparticle diffusion.

It has been reported that the adsorption of phenols
usually fits the pseudo-second order kinetic model
(Mohanty et al., 2006; Qian et al., 2009). Present results
(Table 3) confirm this finding. The correlation coefficient
(R? of the second order fitting (0.977) is much higher
than that of first order (0.788). Furthermore, the
experimental ge value for second order agrees with
calculated value better than of first order. The fitting of
the data to the second order model suggests that the rate
of adsorption is affected by the concentration of both the
adsorbent and adsorbate molecules in the system
(Abramian and El-Rassy, 2009).

The adsorption process takes place through four
stages. First the adsorbate moves from the bulk of the
solution towards the thin layer adjacent to the surface of
adsorbent. Second, the adsorbate molecules diffuse
through the thin layer to surface of adsorbent.
Third, the adsorbate molecules diffuse through the pore
(intraparticle diffusion). Fourth, the molecules are
adsorbed on the surface of adsorbed or attached to the
functional groups on the surface of adsorbent. The first
and last stages are usually fast and do not control the
adsorption process. So, the rate limiting step is either the
diffusion through the liquid layer or the diffusion through
the pores (Moussavi and Khosravi, 2011). If the former is
the rate limiting step the experimental data when fitted to
the intraparticle diffusion model (qgyvs t*°) will give
straight line passing though the origin. If the line does not
pass by the origin, then intraparticle diffusion model is not
the only rate limiting mechanism. Diffusion through the
pores may participate in controlling the adsorption
process.

The linearized form of Intraparticle diffusion model
is given by the following equation:

G = kigt"*+C (11)
where, g, (mg g~%) is the amount adsorbed at time t (h)
and kid (mg g~ h%) is the rate constant for the
intraparticle diffusion model.
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Fig. 4: Uptake of phenol by active P10 species
(100 vol % bacterial suspension)

Table 4: Kinetic diffusion parameters for the adsorption of phenol on

GAC
Intraparticle diffusion model  Film
diffusion model
Equilibrium times ~ R? Ky C R?
At the beginning 0.970 15.500 2.301 0.986
Near equilibrium 0.817 0.283 35.09 0.936

The film diffusion model (Boyd model) is expressed
as:

B, = -0.4977-In(1-F) (12)
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where, B, is the mathematical function of F and F
represents the fraction of solute adsorbed at time t (h) and:

F =0/,

According to the model, if the plot B, versus t passes
through the origin, pore diffusion is the rate limiting step.
Otherwise, the adsorption process is intraparticle diffusion
controlled.

Figure 2 and Table 3 depict the fitting of the
experimental data to intraparticle diffusion model. It is
clear the data is represented by two different parts. The
first part which is a fast one represents the early
adsorption of phenol. It takes place before approximately
45 h and the equilibrium adsorption zone after
approximately 6 h.

As stated before, the concentration gradient of the
phenol at the early stage of adsorption provided a
sufficiently strong adsorption force to overcome the
external resistance completely. This condition resulted in
a high film diffusion rate. Therefore, the rate-controlling
step was the intraparticle diffusion. The concentration
gradient of phenol significantly decreased with time
which resulted in a significant reduction in the adsorption
force. Therefore, the diffusion rate was reduced and the
rate limiting step was film diffusion.

Biodegradation experiments: Six species of
microorganisms are responsible for phenol degradation.
Both P6 and P10 were selected as a representative species
to describe the uptake of phenol. All experiments were
conducted using 200 mL solutions of initial phenol
concentration of 100 mg L~ at a shaking rate of 120 rpm.
Figure 3 shows the bacterial growth for P10 and P6 for
350 h experiments. No lag phase of growth was observed
for P10 strain. This observation may be due to the
selective isolation of bacteria on phenol. This preparation
was allowed the cultures to acclimate to the initially
high concentrations of phenol ranged between
200-500 mg L.

Figure 4 shows the phenol concentration in solution
as function of time. As can be seen from the figure, about
65% of the phenol was removed in the first 24 h and the
experiment reached equilibrium after 100 h.

The maximum phenol uptake is about 80% of the
initial concentration. The reduction of phenol during the
process is due to the biological action of bacteria
(degradation) and biosorption of its wall cells only. The
portion of biological mechanisms used for metabolic
purposes was observed and confirmed by the increase in
bacterial growth due to the uptake of the organic phenol.
Part of this uptake was used to generate new cells and the
other part for the natural metabolizing processes inside the
bacteria.
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Fig. 5: Phenol concentration and bacterial growth in bacterial system and BAC system using P10 strain
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Fig. 6: Removal of phenol using inactive P7 biomass of

two different concentrations (40 and 100 vol %
inactive bacterial suspension)
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Fig. 7: Removal of phenol compared for the different
methods: GAC adsorption, removal using P7
bacteria, GAC+active P7, GAC+inactive P7 and
GAC+40 vol % inactive P7 (Cophenol = 100 mg
L= T = 25°C, rshaking = 120 rpm)

Biological activated carbon: Active P10 was combined
with 500 mg GAC per 200 mL for the sorption of
100 mg L~ phenol solution. The growth rate of P10 was
3.3 times its initial value during the biological process
(using biomass only). This value reduced to 2.9 times for
the BAC system. Figure 5 shows the P10 bacterial growth
as function of time for both BAC and biomass alone. In
addition, the figure shows the reduction of phenol in the
solution as function of time for both BAC and biomass
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systems. As can be depicted by the figure, there is 12%
enhancement in the removal of phenol when using
biomass combined with GAC compared to the biomass
system alone. This phenomenon was observed for all
6 species of phenol up-taking bacteria. On the other hand,
the blockage of the GAC by the bacterial cells had
reduced its adsorption efficiency.

GAC with inactive bacteria (biosorption): Inactive
bacteria were considered as adsorbing material whose cell
walls contained the active sites necessary for the
adsorption of the phenol. Sorption using inactive biomass
was carried out for 72 h. It was interesting to observe that
removal of phenol using inactive bacteria had given
results similar to those obtained by active bacteria. The
main conclusion was that the portion of phenol used for
bacterial metabolism and for the production of new cells
was very low compared to the amounts adsorbed by the
cell walls of the bacteria. Therefore, the mechanism of
biosorption using biomass combined with GAC was based
on the adsorption capacity of bacteria by the active sites
available for these species of microorganisms.

Figure 6 shows phenol removal using GAC coupled
with 100 vol% inactive biomass and 40 vol% inactive
biomass. As can be seen from the figure, the use of
40 vol% inactive biomass had enhanced the biosorption
of phenol compared to 100 vol% inactive biomass
concentration. This can be explained as; reducing the
concentration of bacteria used for biosorption would
reduce the percentage of GAC sites blocked by bacteria
and thus better phenol removal. Figure 7 gives the
concentration of phenol removed by different techniques.

CONCLUSION

Sorption of phenol on activated carbon is
characterized by a fast initial rate followed by a very slow
sorption rate and equilibrium sorption was achieved
within 48 h. Less removal (compared to removal by
activated carbon) of phenol was obtained when biomass
alone was used. The removal was enhanced using a
combined system of biomass and activated carbon but did
not reach the removal obtained by activated carbon alone.
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This indicated that use of biomass in suspension blocks
some of the available area for sorption on the activated
carbon. Biodegradation did not play a major role in the
removal of phenol. The contribution of biodegradation
process in the overall removal of phenol was about 20%
of the total biological activity of bacteria. Reducing the
bacterial concentration in the BAC system reduces the
adverse effect of blocking the active sites on GAC.
Furthermore, the use of immobilized cells attached on
solid material instead of using suspended cells or the use
of systems in series instead of combined ones may be a
good suggestion to have better removal efficiency where
the phenol is adsorbed on the GAC then free extra phenol
in solution can be adsorbed on the bacteria cell walls.
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