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ABSTRACT

In this study, binary adsorption of phenol and o-Cresol on locally produced granulated activated carbon
(GAC) produced from date palm pits was investigated using continuous fixed-bed column. Experi-
ments were conducted at 23°C + 2°C to evaluate the effects of the bed height (10, 15, 20, 25 and 40 cm),
flow rate (5, 50 and 35 mL min™), and influent concentration of phenol and o-Cresol (10, 20 and 50 mg
L™) on the breakthrough curves of phenol and o-Cresol. Thomas, Adams-Bohart, and Yoon-Nelson
kinetic models were employed to understand the behavior of the fixed bed adsorption column and also
to enable adequate prediction of the breakthrough curves. Fixed-column exhaustion time was found to
increases when the bed height is increased, influent flow rate is decreased, and/or the influent concentra-
tion is decreased. Breakthrough experiments indicate that GAC can absorb more o-Cresol as compared
with phenol, particularly at high influent concentration, flow rate, and bed height. For both phenol
and o-Cresol, Thomas and Yoon—Nelson models are better in describing the experimental breakthrough
data, than Adams-Bohart model. The date palm pits based GAC employed in this study has great poten-
tials for use as an adsorbent for the binary adsorption of phenolic compounds from aqueous matrixes.

Keywords: Activated carbon; Date palm pits; Binary adsorption; Phenol and o-Cresol; Fixed bed
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1. Introduction

Phenols are a class of aromatic compounds widely
employed in many industrial processes [1,2]. However, they
are listed as priority pollutants due to their varying degree of
harmfulness to humans and other living organisms even at
lower concentrations levels [3-5]. Environmental regulatory
bodies, such as the USEPA, have set a strict limit of 0.001
ppm phenol in discharged wastewater streams [6]. Thus,
the decontamination of wastewater containing phenolic
compounds is crucial to lower their concentration below

* Corresponding author.

the regulatory standards prior to discharge into receiv-
ing water streams. Many physicochemical technologies
are available for the removal of phenolic compounds from
aqueous streams and they have been comprehensively
reviewed [7-10]. Adsorption using activated carbon is one
of the most attractive recuperative processes for the elimi-
nation of phenolic compounds from aqueous matrixes due
to its cost competitiveness [7,11,12]. Activated carbon can be
produced from abundant and low cost raw materials such
as agricultural solid waste. These materials contain organic
compounds such as lignin, cellulose, and hemicellulose with
appropriate functional groups that can be effectively bind
and hold onto phenolic compounds [9,10,13]. Moreover, the
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use of solid waste to produce activated carbon has the advan-
tage of providing a solution to the waste disposal problem
as well as curtailing the exorbitant cost of adsorbents [9,10].

Ahmad et al. [14] published a comprehensive review on
the potential of using granulated activated carbon (GAC)
derived from raw and modified date pits, for the elimination
of organic pollutants from wastewater. Several studies have
demonstrated the feasibility of removing phenoliccompounds
using GAC from date pits, though with widely varying
capacities for adsorption depending on source raw material
and the activation method employed [15-19]. Merzougui and
Addoun [19] investigated the single-component adsorption
of phenol, p-Cresol, and o-Chlorophenol batchwise using
GAC produced from date pits via KOH chemical activation.
They found that the maximum adsorption capacities were
169.49, 322.58, 208.33 mg g, respectively. Several other stud-
ies available the literature determined the single-component
adsoprtive capacities of phenolic compounds onto both com-
mercial GAC and cheaper GAC produced from solid wastes
with very few works carried out in continuous flow systems
[9,20-22]. There are distinct advantages of higher adsorption
capacity for continuous process (column studies) over batch
type operations [9,23]. Additionally, practical industrial
wastewater treatment processes are based on the continuous
process [24,25]; hence, rendering the fixed bed study more
beneficial. Eventhough, adsorption of phenolic compounds
onto GAC has been studied intensively, yet, studies on the
determination of adsoptive capacity of phenols in multi-
component aqueous matrixes are rare [18,21,26]. To the best
knowledge found in available literature, there is no study that
employed date palm pits wastes based GAC for the simulta-
neous removal of phenol and o-Cresol in binary matrix using
fixed-bed continuous system and its breakthrough modeling.
Hence, the main objective of this study was to evaluate the
potential of using a fixed bed of date palm pits based GAC
for the simultaneous removal of phenol and o-Cresol from
binary mixture in aqueous solution using Thomas, Adams—
Bohart, and Yoon-Nelson kinetic models. The effect of the
essential column design parameters (i.e., initial inlet concen-
tration, flow rate bed height) on the breakthrough curves and
performance were evaluated. The results of this study will
be useful in designing adsorption columns for wastewater
treatment using date palm pits based GAC.

2. Materials and methods
2.1. Granular activated carbon production from date palm pits

The date palm pits used for the activated carbon produc-
tion were obtained from Al-Medina city, Saudi Arabia. The
nominal particle size was selected as that passing 400-um
sieve in a laboratory crusher setup and chemical activation
using phosphoric acid (H,PO,) was employed in the acti-
vated carbon production process. Details of the production
procedure of the GAC used have been reported elsewhere
[27,28].

2.2. Produced activated carbon characterization

The GAC used was characterized using varies analyti-
cal techniques and instruments. Total carbon content was
measured using Analytik Jena Multi EX 2000 equipment

(Germany) based on procedure described elsewhere [29].
Fourier transform infrared (FTIR) spectra for were recorded
by using Nicolet iS10 Spectrometer (Thermo Scientific, USA)
within the region of 700—-4,000 cm™. Thermo-gravimetric anal-
yses (TGA) was performed using TGA-50 (Shimadzu, Japan)
by heating 10 mg of the GAC sample at rate of 10°C min™
between 20°C and 600°C. The BET surface area and other
relevant characteristics of the GAC were measured by nitro-
gen adsorption in a sorptometer (ASAP 2020, Micromeritics,
USA), while standard scanning electron microscope (SEM,
Jeol, Japan) was used for the surface morphology of the GAC
was characterization.

2.3. Reagents

All the chemicals used in this study are of high purity
grade (analytical) from Aldrich company. Double distilled
water was used to prepare the solutions. Glassware were
cleaned with chromic acid and then followed by thorough
rinsing using distilled water. Phenol and o-Cresol in
single stock solutions (1,000 mg L™ each) were prepared at
23°C +2°C, and subsequently buffered with KH, PO, to ensure
neutral pH was maintained throughout the experiments.

2.4. Fixed-bed column adsorption experiments

Using 60 cm long and 2.54 cm diameter Plexiglas col-
umns (Fig. 1) packed with the GAC sample, fixed-bed col-
umn study was performed at different bed heights of 10, 13.3,
15, 25, and 40 cm were used in this study. Solutions with a
binary mixture of phenol and o-Cresol, each of same concen-
tration (10, 20, and 50 mg L"), were fed from the top of the
columns at the desired flow rate (5, 15, and 30 mL min™).
In each experiment, effluent samples were taken at specified
time intervals for phenol and o-Cresol residual concentration
quantification. All experiments were run in duplicates and
average values are reported herein.

Plexiglas

/Column

GAC

To Drain i
To Drain

Fig. 1. Fixed-bed adsorption set-up.
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2.5. Phenol and o-Cresol quantification

Concentration of phenol and o-Cresol in samples drawn from
the fixed bed experiments was quantified using HPLC Ultimate
3000 (Shidmazu, Japan) equipped with photodiode array detector
(Shidmazu, Japan) as per method described earlier [30].

2.6. Data analysis and breakthrough curves

Breakthrough curves were used to evaluate the perfor-
mance of the fixed-bed columns towards binary adsorption of
phenol and o-Cresol. Typically, a breakthrough curve is a plot
of the ratio of the concentration of the adsorbate in the effluent
to that of the influent (i.e., C/C)) as a function of time (t) or vol-
ume of effluent (V,, mL). V , can be calculated using Eq. (1),
wheret, (min)and Q (mL min™) represent the total flow time
and the volumetric flow rate, respectively. The breakthrough
point is reached when the bed becomes saturated with the
adsorbate. The breakthrough point is taken as the point where
C, equals 5% of C,. After reaching the breakthrough point, the
concentration of the adsorbate increases rapidly until it reaches
the exhaustion point, where the column approaches com-
plete saturation. The exhaustion point is the point at which C,
reaches 95% of C, [31-34]. The total mass adsorbed (g, ., mg)
by the column can be obtained using Eq. (2), where C, - C,
is represented by the concentration of the adsorbate (C ).
The total mass of the adsorbate which has entered the column
(M, g) is calculated using Eq. (3). The percent adsorbate
removal (Y%), as defined by Eq. (4), can be used to evaluate
the performance of the column. The maximum column uptake
capacity of the (q,,) represents the capacity of the adsorbent
required to remove the adsorbate, as defined by Eq. (5), where
m, (g) is the total dry weight in gram of the GAC in the col-
umn. The time taken for the solution to flow through the col-
umn or the empty bed contact time (EBCT, min) is given in
Eq. (6), where V/ is the bed volume (mL) [34-39].

Ve = Qe @
4., = Q/ 1000 C_dt @)
M0 = CoQt /1000 3)
Y% = Qi / Mgy % 100 4
Tog = Teotar | Meac )
EBCT=V,/Q ©)

2.7. Modeling of the breakthrough curve of phenol and o-Cresol
adsorption

Effective design of an adsorption column essentially
requires adequate kinetic modeling of the breakthrough
curves of the adsorbate in the effluent. This is due to the fact
that experimental evaluation of the performance of a column
under different operating conditions is tedious and expen-
sive. Consequently, there exist several mathematical models
developed for determine the breakthrough curves of fixed-
bed systems based on observed experimental data [37,40].
Due to their popularity and applicability without requiring

isotherm information, Thomas, Adams-Bohart, and Yoon—
Nelson models were employed in this study to model the
overall behavior and performance of the fixed bed columns
containing date pits based GAC produced locally for the
binary adsorption of phenol and o-Cresol.

2.7.1. Thomas model

Thomas model is widely used to calculate the maximum
fixed bed adsorbent adsorptive capacity. The model assumes
Langmuir isotherm adsorption behavior and a second-
order reaction kinetics that is reversible in nature [34,41,42].
This adsorption model implies that the limiting steps in the
adsorption process are not attributed to the internal and
external diffusion processes [31,33,43]. Eq. (7) represents the
linear form of the Thomas model (i.e., In[C//C, - 1] vs. t) from
which the kinetic constants values, k;; and g, can be estimated.

In(C/C,-1) =k, qm/Q -k, Ct (7)

where k, is the model’s constant (mL min™ mg™), g, is the
maximum adsorptive capacity of adsorbent (mg g™), and t is
the total flow time.

2.7.2. Adams—Bohart model

The Adams-Bohart model [44] mainly describes the ini-
tial behavior of the adsorption process on the breakthrough
curve and it assumes that the adsorption rate is proportional
to the adsorbent adsorption capacity as well as the adsor-
bate concentration in solution [31,34]. This model predicts
the maximum saturation concentration of the adsorbate in
mg L™ (N,). The simpler form of the Adams—Bohart model is

given by Eq. (8) from which the constants, N and k,,, can be
estimated by plotting In (C/C, versus t.
In(C/C,) =k,,Ct -k, N,(Z/U) (8)

wherek,is the Adams-Bohart kinetic constantin Lmg™ min™,
Z is the height of the bed in cm, and U, is the superficial
velocity in cm min™.

2.7.3. Yoon—Nelson model

Yoon-Nelson model is the simplest of the three models as
it requires no information about the adsorbate, adsorbent, or
the bed. The model assumes that the rate of decrease in the
adsorption of each adsorbate is proportional to the probabil-
ity of its adsorption and attaining breakthrough point of the
adsorbate in the matrix [34,42]. Eq. (9) describes the linear-
ized Yoon-Nelson model, where k, is rate constant (min™)
and t is 50% adsorbate breakthrough time (min).

I(C, / C,— C) = kot = thy, )

3. Results and discussion
3.1. Physical and chemical properties of the activated carbon

Table 1 summarizes some important properties of the GAC
used in present study. The percent carbon content (w/w) of
the GAC sample of 82% from originally 47% for the raw date



N.D. Mu’azu et al. / Desalination and Water Treatment 58 (2017) 192-201 195

Table 1

Some characteristics of the GAC used in the study
Property of GAC Value
ABET surface area 1,300.27 m?> g
Single-point surface area 1,2624 m?> g
"BJH micropore surface area 560 m? g™
BJH pore volume 0.274 cm® g™
Average pore width [(4 V/A) by BET)] 19.54 A°
GAC carbon content (w/w) 87%
Density 043 gcm™

‘Brunauer-Emmett-Teller.
"Barrett-Joyner—Halenda.
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Fig. 2. Isotherm for adsorption of nitrogen onto the GAC used
in the study.

palm pits, showing significant after the chemical activation
[45]. The isotherm for N, adsorption onto the date palm pit
GAC as shown in Fig. 2 shows a typical Type I adsorption
trend based on Langmuir isotherms, indicating a monolayer
coverage and a microporous structure. The trend in this
figure hints a GAC characterized by high adsorptive capacity.
Accordingly, the measured total BET surface area of the pro-
duced activated carbon was measured to be 1,300.27 m* g7,
while the BJH adsorption cumulative surface area of pores
between 17 and 3,000 A was measured as560m* g™ atp/p,=0.2.
This high surface area corroborates the fact that H.PO, is
a powerful activating agent of date palm seeds. Similarly,
Girgis et al. [46] and Jibril et al. [45] used date palm pit and
H,PO, as an activating agent to produce GAC characterized
with high BET surface area of 945 and 1,100 m? g™, respec-
tively. This implies that the optimal activation condition for
the GAC used in this study yielded a higher surface area
comparatively. The BJH adsorption cumulative pore volume
of pores between 17 and 3,000 A was 0.274 cm® g and the
BJH adsorption average pore diameter was 19.54 A, which
means that the activated carbon is microporous (i.e., pore
size diameter < 20 A or 2 nm). Fig. 3 depicts the SEM micro-
graph of the produced activated carbon which reveals that
the surface of GAC has large pores and rough texture that
are heterogeneously distributed. This indicates that there are

Fig. 3. SEM micrograph showing structure of the GAC used in
the study.
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Fig. 4. FTIR spectra of the GAC used in the study.

many of micropores inside the GAC structure, hence, render-
ing it suitable adsorbent for removal of pollutants in water.
Additionally, FTIR spectra trend (Fig. 4) revealing the surface
chemistry of the GAC used evidently, shows that the GAC
used possessed absorption bands and peaks of several surface
functional groups. The peak at 2,357 corresponds to the pres-
ence of C-H stretching band [47] and the peak at 1,577 cm™
can be ascribed to C=0 and C=C stretching vibrations [48-50].
The band at 1,283 cm™ corresponds to C-O-C stretching
vibrations while peaks at 1,147 cm™ and 1,062 cm™ corre-
sponds to the C-O stretching vibrations [51]. Bouchelta et al.
[50] observed the appearance FTIR peak at 1,540 cm™ from
the GAC they produced from date pits, which they ascribed
it to a C=C stretch. They attributed it to high aromaticity as
result of activation which renders it good for use as an absor-
bent. Similarly, several other studies noted that these surface
groups greatly influence GAC surface adsorption behavior
[47,49,50,52].

Pyrolysis during activation of carbonaceous materi-
als leads to residues that can be used as adsorbents with
properties of the produced adsorbent depending nature of
the raw materials as well as the experimental conditions.
During heating, the parent material undergoes physical and
chemical transformation which can be interpreted using
TGA analysis. The result of the TGA test performed on the
GAC sample in the range of 20°C-600°C is depicted in Fig. 5
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Fig. 5. TGA weight loss result Isotherm for the GAC used in the
study.

to understand the weight loss during the GAC production
process. Inferably, the figure indicates that no significant
change in weight until beyond 500°C (the optimal tempera-
ture at which the GAC was produced). This implies that
at this optimal temperature, though, most of the cellulose-
and lignin-based were degraded, the active carbon compo-
nent were intact, thereby, giving the observed high carbon
content [29].

3.2. Effect of the influent flow rate

Figs. 6(a) and (b) display the breakthrough curves of
phenol and o-Cresol, respectively. The experimental condi-
tions are as follows: flow rates of 5, 15, and 30 mL min; bed
height of 13.3 cm; and initial concentration of each adsor-
bate 100 mg L. These figures show that the breakthrough
time of o-Cresol is longer than that of phenol. This indicates
that more o-Cresol is adsorbed than phenol (Table 2), most
likely due to the lower solubility of o-Cresol as compared
with phenol at a given temperature. Fig. 6 shows that the
breakthrough time for both phenol and o-Cresol decreases
as the flow rate increases. Furthermore, the exhaustion time
decreases when the flow rate is increased (Fig. 6(b)); how-
ever, this is not very clear cut in the case of phenol (Fig. 6(b)).
The two main factors affecting the breakthrough curve are
the rate of the adsorbate mass transfer to the adsorbent sur-
face and the EBCT (i.e., the bed contact time) between the
two phases. It is known that flow rate increases with Reynold
number, and subsequently, the mass transfer (external) resis-
tance decreases, accordingly. Moreover, the mass transfer
coefficient increases due to the increase of the Sherwood
numbers. Consequently, the adsorbate mass transfer rate
from the matrix to the surface of the adsorbent increases.
Therefore, both the breakthrough time and exhaustion time
of the column are expected to decrease with increasing
flow rate. On the other hand, increasing the flow rate led to
decrease in the contact time between the adsorbate and the
adsorbent, or EBCT. The results (Fig. 6 and Table 2) show
that enhancing the mass transfer rate has a larger effect on
the exhaustion time as well as the breakthrough time than
decreasing the contact time. Similarly, Han et al. [37] suggest
that the mass resistance of the external film tends to decrease
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Fig. 6. Breakthrough curves for adsorption of phenol (a) and
o0-Cresol (b) on GAC at different flow rates (bed height, 13.3 cm;
initial concentration of phenol and o-Cresol, each 100 mg L7;
pH, 7; and temperature, 23°C + 2°C).

as the flow rate becomes higher, and as a result, the satura-
tion time decreases.

Moreover, the results in Table 2 present the dependency
of adsorbent capacity on the flow rate. It can be observed that
by increasing the influent flow rate from 5 to 30 mL min™, the
adsorptive capacity (q_,_) increases from 1.21 to 5.6 mg g™ and
from 2.67 to 10.27 mg g™ for phenol and o-Cresol, respectively.
Obviously, the proportional increase in the adsorptive capac-
ity (q,,) with increasing flow rate was due to the availability
of the adsorbate (i.e., m,, ) (Table 2). Comparable trends have
been reported elsewhere [3, 53-55]. On the other hand, the
insufficient resident time of the influent decreases the bonding
capacity of the pollutants onto the adsorbent [56]. The shape
of the breakthrough curve steepened as the flow rate increases
(Figs. 6(a) and 6(b)) which could be attributed to the adsorbate
in solution having less contact time with the adsorbent as the
flow rate becomes higher, which leads to a lower removal of
the adsorbates. However, the shorter exhaustion time exhib-
ited at higher flow rates increases the treatable volume (V_,
in Table 2). This is clearly manifested in the strong influence
of the flow rate on the phenol and o-Cresol uptake capacity.
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g?relteiied adsorption parameters for adsorption of phenol and o-Cresol on GAC from date palm pits (density = 0.43 g cm™) 23°C +
2°Cand pH=7
C,mgL' QmLmin' Z cm t oy TIN mg., Mg Do MG oy MG g' V,mL Y, % EBCT, min
Phenol
100 5 13.3 120 60 35 121 600 58.33 13.48
100 15 13.3 120 180 89.85 3.1 1,800 49.92 4.49
100 30 13.3 200 600 162.3 5.6 6,000 27.05 2.25
10 5 10 720 36 3.65 0.17 3,600 10.13 10.14
10 5 15 720 36 3.87 0.12 3,600 10.75 15.2
10 5 25 720 36 5.96 0.11 3,600 16.54 25.33
10 5 40 720 36 7.64 0.09 3,600 21.21 40.54
10 5 13.3 640 32 13.49 0.465 3,200 42.16 13.48
20 5 13.3 480 48 19.35 0.67 2,400 40.32 13.48
50 5 13.3 360 90 30.13 1.04 1,800 33.47 13.48
o-Cresol
100 5 13.3 300 150 77 2.67 1,500 51.33 13.48
100 15 13.3 300 450 191.03 6.61 4,500 42.45 4.49
100 30 13.3 300 900 296.85 10.27 9,000 32.98 2.25
10 5 10 600 30 3.71 0.18 3,000 12.35 10.14
10 5 15 600 30 4.44 0.14 3,000 14.78 15.2
10 5 25 600 30 6.4 0.12 3,000 21.32 25.33
10 5 40 600 30 8.23 0.09 3,000 27.42 40.54
10 5 13.3 640 32 16.66 0.57 3,200 52.06 13.48
20 5 13.3 480 48 16.66 0.57 2,400 34.71 13.48
50 5 13.3 420 105 30.37 1.05 2,100 28.92 13.48

3.3. Effect of the initial concentration

Figs. 7(a) and (b) depict the effect of the concentration
of phenol and o-Cresol in the influent, respectively, on the
breakthrough curves. It could be inferred from such fig-
ures that both the breakthrough and exhaustion time were
attained faster when influent concentrations were high.
By increasing the influent phenol concentration from 10 to
50mgL™, theexhaustion time decreasessignificantly from 60 to
15 min. Meanwhile, for o-Cresol, the corresponding change is
from 100 to 22 min. Hence, for both phenol and o-Cresol, the
lower influent concentrations result in a longer breakthrough
time as well as a larger treatable volume (Table 2). Due to the
greater concentration gradient, which enhances mass transfer
rate, adsorption capacity increases when influent concentra-
tion is increased [35,36]. Similarly, when the influent concen-
tration of phenol is increased from 10 to 50 mg L, the uptake
increases from 0.465 to 1.04 mg g™, while the corresponding
total mass adsorbed increases from 13.49 to 30.13 mg, respec-
tively (Table 2). Comparable trends are also observed in the
case of 0-Cresol, though the uptake and corresponding total
mass adsorbed are slightly higher and the breakthrough time
is slightly longer than those of phenol.

3.4. Effect of the bed height

Fig. 8 shows that increasing the height of the bed pro-
duces less steep breakthrough curves and led to an increase
in the exhaustion time (Table 2), while not significantly influ-
encing the breakthrough time for both phenol and o-Cresol.
The total removal of phenol and o-Cresol increased when the
bed height (i.e., the mass of adsorbent) is increased. The total
mass of phenol adsorbed was 3.65, 3.87, 5.96, and 7.64 mg at
10, 15, 25, and 40 cm of bed height, respectively. In the case of
0-Cresol, the total mass adsorbed is slightly higher than that
of phenol. The mass transfer zone which broadened due to
the decrease in the slope of breakthrough curve with increas-
ing bed height resulted in the observed improved removal
of phenol and o-Cresol [57,58]. Noticeably, the increase in
the bed height does not affect the treatable volume, which is
mainly a function of the inflow rate and treatment time. The
fixed-bed height strongly influences the uptake capacity of
the adsorbent. For phenol, as shown in Table 2, the uptake
capacity of 0.17, 0.12, 0.11 and 0.09 mg g™ are observed at 10,
15, 25 and 40 cm of bed height, respectively, which are quite
similar to the corresponding uptake capacities for o-Cresol.
The decrease in the uptake capacity with the increasing bed
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Fig. 7. Breakthrough curves for the adsorption of (a) phenol and
(b) 0-Cresol on GAC at different influent concentrations (bed
height, 13.3 cm; flow rate, 5 mL min™; pH, 7; and temperature,
23°C +2°C).

height is attributed to the availability of additional mass of
the adsorbent with increasing column height.

3.5. Breakthrough modeling results of phenol and o-Cresol adsorption

Analysis and prediction of breakthrough curves obtained
from laboratory experiments using models is vital for the
design of large-scale adsorption columns. The experimental
data obtained were fitted, using regression, to three kinetic
models, namely Thomas, Adams-Bohart, and Yoon-Nelson,
to understand the behaviors of the adsorption process as well
as determine the model that best describes the results.

3.5.1. Thomas model

Thomas model is the most popular model used to describe
breakthrough curves via the estimation of the maximum
adsorptive capacity of an adsorbent (mg g™). Table 3 presents
the parameters of the model (i.e., k, and q,), the correlation coef-
ficient (R?) and standard deviation (SD) between the Thomas
model’s experimental and the predicted results for both phenol
and o-Cresol. The presented statistical parameters of the mod-
el’s fitting, that is, R* as well as the SD, both indicate high quality
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Fig. 8. Breakthrough curves for the adsorption of (a) phenol
and (b) o-Cresol on GAC at different bed heights (flow rate,
5 mL min™; initial concentration of phenol and o-Cresol,
10 mg L; initial pH, 7; and temperature, 23°C + 2°C).

model’s fitting. This is also similar to the other two employed
models (i.e, Adams-Bohart and Yoon—Nelson) as presented
under respective headings in subsections below. Table 3 shows
that when influent concentration is increased, the value of g,
increases and the value of k, decreases. As discussed above,
the value of g, increases due to the rise in the driving force (i.e.,
difference adsorbate concentration in solution and on the sur-
face of the adsorbent) of mass transfer [34]. The model also pre-
dicts that when the bed height and/or flow rate is increased, the
value of g, increases and the value of k, decreases. This model
predictions agree well with the experimental results discussed
earlier, showing that lower flow rates, higher influent concen-
trations, and higher bed heights enhance the adsorption ability
of a fixed-bed column. Most values of R? are higher than 0.9,
indicating good description of the column data by the Thomas
model for both phenol and o-Cresol. Thomas model has been
shown to be more suitable for cases where the adsorption pro-
cess is not controlled by mass transfer [34,37].

3.5.2. Adams—Bohart model

The breakthrough data for phenol and o-Cresol were used
to perform linear regression in the form of In C/C, vs. t to
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Table 3
Model parameters obtained by fitting breakthrough data to the Thomas model using linear regression
Cy Q, Z,cm  Phenol 0-Cresol
mg L™ mL min™ ky,, x 104 a R? SD* k,, x 104 q R? SD
mLmin? mg? mgg’ mLmin? mg? mgg’
100 5 13.3 7.05 11,820.33 0977  0.2110 2.18 15,290.52 0969  0.1796
100 15 13.3 5.02 16,600.27  0.893  0.4540 1.82 18,315.02 0917  1.9897
100 30 13.3 3.55 14,084.51 0967  0.3054 2.29 14,556.04 0.907  0.4647
10 5 10 14.8 93843 0991  0.0937  13.50 1,234.568 0.991  0.0872
10 5 15 14.8 93845  0.995  0.0745 9.40 1,773.05 0.929  0.2821
10 5 25 11.7 1,187.09 0937  0.6414 9.50 1,754.386 0.872  0.3831
10 5 40 7.00 1,984.13  0.852  0.3916 9.00 1,851.852 0.923  0.2423
10 5 13.3 9.10 1,717.03 0971 02780 10.5 1,488.095 0977  0.2233
20 5 13.3 4.85 4,29553 0965  0.2931 4.70 4,432.624 0922  0.3631
50 5 13.3 2.64 10,521.89 0979  0.2476 2.40 9,920.635 0.952  0.3482
*Standard deviation.
Table 4
Model parameters obtained by fitting breakthrough data to the Adams-Bohart model using linear regression
G, Q Z Phenol 0-Cresol
mg L mLmin™ em  f 100 u, N, R>  SD k, x 10* u, N, R>  SD*
Lmg!min?! cmmin? mgL™? Lmg!'min? cmmin? mgL™!
100 5 13.3  3.93 0.987 739.28 0.886 0.2749 1.12 0.987 1,773.54 0.985 0.0644
100 15 133 253 2.960 2,306.73 0.931 0.1804 8.30 2.960 5,150.80 0.960 0.0998
100 30 133 121 5.919 5,866.52 0.899 0.1905 0.870 5.919 8,977.21 0.885 0.2005
10 5 10 290 0.987 212.66 0.906 0.0634 2.90 0.987 229.26 0.897 0.0727
10 5 15 320 0.987 150.25 0.904 0.0773  3.40 0.987 139.26  0.882  0.0859
10 5 25 2.80 0.987 11456 0.817 0.2546  3.20 0.987 11337 0.851 0.2916
10 5 40 220 0.987 9131 0.733 0.4835 3.20 0.987 89.83 0.804 0.4092
10 5 133 3.10 0.987 41531 0.884 0.1967 4.10 0.987 431.60 0.926 0.1688
20 5 13.3  1.65 0.987 577.56 0.936 0.2113  1.10 0.987 669.91 0.982 0.2849
50 5 133 9.00 0.987 1,207.64 0.901 0.3034 7.60 0.987 1,251.29 0.859 0.2848

aStandard deviation.

determine the respective values for the Adams-Bohart mod-
els constants. The values of k,; and N, along with the values
of R? are presented in Table 4. When the flow rate is increased,
the value of k,, decreases; when bed height is increased, the
value of N increases (Table 4). This suggests that mass trans-
fer is dominating the adsorption kinetics at the initial part of
the column [34,57]. However, a clear trend cannot be iden-
tified in the other values. The regression coefficients for all
the fitted breakthrough data indicate good correlation (R* =
0.8039-0.9847), suggesting that the model predicts the exper-
imental results well. However, Thomas model predicts the
experimental data better than the Adams-Bohart model.
This can be attributed to the fact that Adams—-Bohart model
is applicable to the initial part of the breakthrough curve.
Moreover, the model is more suitable for the prediction of

adsorption with a surface reaction, which does not seem to be
the case in this study.

3.5.3. Yoon—Nelson model

Table 5 presents the values of the parameters of the Yoon—
Nelson Model (i.e., k, and the t) along with the correlation
coefficient R? obtained by fitting the breakthrough data to
the model using linear regression. Evidently, the value of t
decreases when the height of the bed is decreased, the flow
rate is increased, or the influent concentration is increased.
This corroborates the fact that fixed column saturation occurs
more rapidly at higher concentration, higher flow rate, and/
or with a short bed [24]. Similar to the Thomas model, most
values of R? are higher than 0.9, which indicates that the
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Table 5

Model parameters obtained by fitting breakthrough data to the Yoon—-Nelson model using linear regression

G, Q V4 Phenol 0-Cresol

mgL?  mLmin" cm k,x10*min™  tmin R? SD k, x10*min™  Tmin R? SD?

100 5 13.3 705 77.67 0.977 0.2110 183 175.87 0.993 0.2421

100 15 13.3 502 68.08 0.894 0.4540 182 130.49 0.917 0.3212

100 30 13.3 355 57.56 0.967 0.3054 229 99.06 0.908 0.4647
10 5 10 148 20.91 0.991 0.0937 138 6.75 0.990 0.0900
10 5 15 148 39.27 0.996 0.6541 94 26.8 0.930 0.4596
10 5 25 86 72.50 0.877 0.4499 83 89.60 0.826 0.5324
10 5 40 57 63.40 0.822 0.4503 83 140.63 0.908 0.4798
10 5 13.3 91 285.98 0.971 0.2780 105 358.97 0.978 0.2233
20 5 13.3 0.97 201.32 0.966 0.2931 0.94 172.11 0.923 0.3631
50 5 13.3 1.32 131.61 0.980 0.2476 1.2 129.41 0.952 0.3482

aStandard deviation.

Yoon-Nelson model also adequately describes the column
data for both phenol and o-Cresol.

Interestingly, all three models used in this study describe
the results well for binary adsorption of phenol and o-Cresol
on GAC, even though these models were derived based on
single component adsorption. However, Adams-Bohart
model requires more parameters and is not as good as the
other two models. On the other hand, Yoon—Nelson model
requires the least number of parameters and provides infor-
mation about the time required to reach 50% saturation,
which can shorten the duration of an experiment.

4. Conclusion

The binary adsorption of phenol and o-Cresol from
aqueous solution was studied in a continuous fixed-bed
column of granular activated carbon produced from date
palm pits. Adams-Bohart, Thomas, and Yoon-Nelson kinetic
models were employed to understand the performance of
the adsorption column and also to predict the breakthrough
curves. The effect of the flow rate, initial concentration, and
bed height on the breakthrough curves was evaluated. The
adsorption capacity of GAC towards o-Cresol is higher
than that of phenol. The increase in the flow rate and initial
concentration speeded up the exhaustion of the column. On
the other hand, the increase in the bed height slowed down
the exhaustion of the column. Both Thomas and Yoon—Nelson
models describe the breakthrough curves of both phenol
and o-Cresol very well, suggesting that these models can be
used for column design purposes during binary adsorption
of the two compounds. This study demonstrates that GAC
obtained from date palm pits is suitable for binary removal of
phenol and o-Cresol from wastewater streams.
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