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Abstract

In the quest for eco-friendly and cost-effective adsorbents for the removal of phenol from aqueous systems, garlic peel has
been identified as a potential candidate in our earlier study. In the current investigations, we have studied the performance of
garlic peel powder in packed fixed-bed column, to assess its potential for real-time deployment for remediation of phenol-
contaminated aqueous effluents. Accordingly, parametric studies were carried out with reference to feed concentration, bed
height, and flow rate. The experiments indicated the suitability of garlic peel powder-packed columns for remediation of
phenol present in aqueous effluents. Salient observations include the improvement of adsorption and remediation efficiency
at lower feed flow rates. The assessment of the experimental data using different theoretical models indicated the applicabil-
ity of Yoon—Nelson model for the adsorption of phenol by garlic peel powder.
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Introduction

Water contamination by phenolic substances is of increas-
ing concern in recent years due to their high toxicity and
potential accumulation in the ecological cycle. Phenols
find their way into natural water bodies from a variety of
sources including effluents from several industries such as
polymers, rubber, disinfectants, drugs, fine chemicals, as
well as domestic sewage, agricultural run-offs, and chemi-
cal spillage [1]. In view of the detrimental effects of phenol
exposure on living entities, it is imperative to treat the dis-
charge streams containing phenol before disposal. Several
techniques have been investigated for the remediation of
phenol and its derivatives from wastewater streams including
distillation, solvent extraction, adsorption, and coagulation
besides biological processes [2, 3]. All these processes offer
varying degrees of success in the removal of phenol from
waste streams. Among these, adsorption process is preferred
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because of its simplicity in operation, flexibility in design,
and easy scalability of capacity [4, 5]. Commercially avail-
able activated carbon (AC) is an established and widely used
adsorbent for the removal of a variety of contaminants, par-
ticularly organic species. However, the regeneration of the
saturated activated carbon is quite tedious and cumbersome
besides being significantly expensive. This calls for locat-
ing and developing low-cost adsorbents [6—8], particularly,
based on natural materials. Many natural materials such as
silt, clay, zeolites, food, and agricultural wastes (fruit seeds,
coconut coir pith, bagasse, etc.) and waste products from
industries (fly ash, bottom ash, red mud, sludge, etc.) have
been investigated for the removal of a variety of pollutants
[9, 10]. The process for large-scale adoption for the treat-
ment of discharge streams containing phenol has to be eco-
friendly, simple to operate and economically affordable.
Considering the fact that the pollutant should not alone be
removed, but should be rendered harmless on the disposal of
the adsorbed species, we were looking for waste agricultural
produces, which are normally bio-degradable. ‘Garlic peel’
(GP) is a commonly obtainable agro-waste product in most
parts of the world. Garlic peel has been used as an adsor-
bent for the remediation of environmental contaminants,
including dyes and heavy-metal species [11]. It is a natural
bio-fiber comprising primarily of cellulose, hemicellulose,
and pectic components. Various functional groups present in
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these components, including amino, hydroxyl, and carboxyl
groups, possibly assist in bond formation with phenol mol-
ecules [12]. In this context, it was considered appropriate
to study the removal of phenol from aqueous streams using
garlic peel as an adsorbent. Adsorption is a simple technique
particularly when operated in a once-through mode with-
out regeneration and the spent material is bio-degradable.
Unlike activated carbon, garlic peels are much cheaper and
hence offsets the advantage of reuse. Spent garlic peels can
be easily disposed into the environment, as it bio-degradable
including the adsorbed phenol.

Our earlier batch studies with garlic peels have estab-
lished significant uptake of phenol from aqueous media [13].
Field deployment requires continuous removal of phenol for
a predefined volume in a column before its exhaustion. After
establishing the behavioral characteristics of the phenol on
the column mode, the performance of the system with ref-
erence to real effluents has to be established. Real effluents
would have different contaminants, besides phenol depend-
ing on the source. As the composition of each stream would
be unique, individual systems have to be studied to assess
the extent of phenol removal. Accordingly, in this paper,
we have confined our studies only to pure phenol-water
system with a subsequent plan to take up the phenol con-
taining effluent streams one by one, as it requires industrial
interaction.

The peel is easy to handle and process, besides being bio-
decomposable. In our earlier work, we have demonstrated
the preparation of garlic peel as a sorbent material and its
efficacy in phenol removal in batch studies. The design and
development of field deployable adsorption units require a
continuous phenol removal system. Fixed-bed vertical col-
umns akin to activated carbon systems containing the adsor-
bent material would satisfy the requirement. Hence, the cur-
rent study focuses on the investigation of phenol removal
in a continuous fixed-bed adsorption column from aqueous
solution stream employing garlic peel powder (GPP). The
work is designed to assess the column performance by vary-
ing the operating parameters, namely, flow rates, influent
phenol concentration, and packed bed column height and
hence to provide the basic data for scale up. An attempt has
been made to assess the data based on the different math-
ematical models published in the literature.

Materials and methods

Preparation of sorbent

Garlic peels were collected from the dry kitchen waste from
students’ hostel of SRM Institute of Science and Technol-

ogy, Kattankulathur campus. The peels were manually seg-
regated from the other vegetable and fruit peels. Segregated
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peels were washed first with normal tap water and later
rinsed with distilled water before drying in an electric oven
at 45 °C to crispness and preserved in a desiccator. The
garlic peelings thus conditioned were crumpled and pulver-
ized using a well-washed grinding machine to avoid any
chance of contamination. The crushed material was sieved
and classified to obtain particle size in the desired range.
The resultant garlic peel powder was stored in dry air-tight
plastic containers for further use. The material was used as
such in sorption experiments without any further processing
or treatment. The garlic peel powder characteristics have
already been reported [13] and a brief summary of important
characteristics is mentioned here. GPP used in these experi-
mental studies are found to have moisture content 2.69%,
volatile matter 68.54%, ash 7.67%, and fixed carbon 21.12%.
pH,,. (pH at point of zero charge) is 3.9 with a surface area
of 1.34425 m?/g (BET) and average particle size of 250 pm
diameter.

Preparation of adsorbate

Phenol (analytical grade) was purchased from SISCON,
India. Distilled water was utilized for preparing the stock
aqueous phenolic solution of 1000 ppm concentration. The
concentration of the stock solution was standardized using
titrimetric method [14] and was stored in amber-colored bot-
tles. Portions of the stock solution were used in preparing
different phenol concentrations for use in the experiments
by appropriate dilution to the required extent.

Fixed-bed adsorption column

Figure 1 shows the schematic diagram of the experimental
set up used for column studies. The column is made up of an
acrylic tube of 3 cm internal diameter and 58 cm length with
flanges on either end with provisions for inlet and outlet.
The dimensions have been chosen to accommodate about
3-10 g of the adsorbent. The large length of the column
enables to facilitate the studies with varying bed lengths.
Glass beads of 1.5 mm diameter were packed at the bot-
tom of the column for support. The column is filled with
known weight of the garlic peel powder to ensure setting up
of the requisite column height in tune with the experimental
design. As the purpose was to find out the impact of varying
bed heights on phenol adsorption with the other parameters
being held constant, three heights were chosen as 5, 10, and
15. The masses of GPP sorbent packed in the column were
3.220 g (for 5 cm), 6.410 g (for 10 cm), and 9.234 g (for
15 cm). Similarly, the flow rates were also varied between
15 and 25 mL/min to maintain the linear velocities from 2
to 3.5 cm/min and initial phenol concentrations from 50 to
150 mg/L. In a normal experiment, the synthetic solution of
phenol and water was pumped through a peristaltic pump
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Fig. 1 Experimental set up of the packed bed column. (1) Synthetic
phenol effluent tank, (2) peristaltic pump, (3) feed inlet, (4) packed
sorbent, (5) sorbent support, (6) treated effluent outlet, (7) treated
effluent collection tank

at a predetermined flow rate through the top of the column.
Samples were collected from the outlet stream of the column
as a function of time. Phenol concentrations were estimated
following the procedure indicated below.

Estimation of phenol concentration

Phenol concentration in aqueous solutions was determined
using the spectrophotometric method (Agilent Cary 60
UV-Vis Spectrophotometer) based on the reaction of phe-
nolic species with 4-amino antipyrine (4-AAP) in the pres-
ence of potassium ferricyanide. Accordingly, 2 g of 4-ami-
noantipyrine was dissolved in distilled water and the volume
made up to 100 mL. A solution of potassium ferricyanide
was prepared by dissolving 8 g of the salt in 100 mL of
distilled water. 2 mL of NH,CI-NH,OH buffer solution
was added to each 50 mL sample of phenol solution and
mixed thoroughly. 2 mL of potassium ferricyanide solution
was then added to the mixture and left for approximately
15 min to allow complete color development. The maximum
absorbance for phenolic solutions in spectrophotometer was
observed at 510 nm. Calibration plot was prepared using the
standard concentrations of phenol and was found to be linear
with R? value of 0.99. Phenol concentrations of unknown
samples were estimated by measuring the absorbance and
using the calibration plot.

Based on the experimental data obtained from the para-
metric studies (flow rate, bed height, and concentration),
the breakthrough curves were plotted for the normalized
concentration of phenol with respect to time. Normalized

concentration (C, / CO) is dimensionless number and corre-
sponds to the exiting concentration (C,) at time ¢ as a fraction
of initial concentration (C,). The effluent volume Vg (in
mL) was calculated using Eq. (1):

Verr = Oliota » (1)
where Q denotes the liquid stream volumetric flow rate in
the column (mL min~") and ¢, is the aggregate time in
minutes.

The total mass of phenol sorbed by the garlic peel powder
G1ora (Mg) for a predetermined initial feed composition and a
fixed volumetric flow rate was estimated using the integral
expression Eq. (2) and is equivalent to the net area underly-
ing the breakthrough curve:

otal

t=total

9 Cadr, 0

Giotal = m

=0

where Cy = (C, — C,) between zero and time .
The entire mass of phenol fed to the packed bed m,,,
(mg) was ascertained using Eq. (3):

_ CO Qtlotal

mlotal - 1000 ’ (3)

The total phenol removal (%R) was determined by find-
ing the ratio of the amount of phenol adsorbed g,y ) to the
entire phenol quantity supplied to the column (mlotal) with
the help of the following relation Eq. (4):

%R = 0wl 100, @

Myota)

The quantity of phenol adsorbed at the equilibrium condi-
tions or sorption capacity g, [mass of sorbed phenol (mg)/
mass of sorbent (g)] and the phenol concentration at equi-
librium C, (mg/L) were assessed using Egs. (5) and (6),
respectively:

_ Giotal
e m ° (5)
where m denotes the quantity of sorbent in grams:
"M —
Ce — < total qtotal) % 100. (6)
Veff

Empty Bed Contact Time (EBCT) signifies the time of
interaction between solid phase (adsorbent) and solution
phase. EBCT (min) is a crucial design variable and is used
to determine the critical bed dimensions and sorbent contact
time. Empty bed contact time was estimated using the fol-
lowing relation between packed bed volume V (L) and liquid
stream flow rate Q (mL/min):

Vv
EBCT = —.
0 @
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Influence of operating parameters

The effect of three operating parameters, namely, volumetric
flow rate, feed (initial) phenol concentration, and bed height,
was studied. Volumetric flow rates relate to the effective
contact time between sorbate and sorbent in the column,
thus influencing the mass transfer rate. Three distinct volu-
metric flow rates (15, 20, and 25 mL/min) for a preset bed
height (15 cm) and constant feed composition in aqueous
stream (50 mg/L) were studied. Initial concentration of phe-
nol in the feed stream governs the rate of mass transport. The
effect of initial concentration of phenol was evaluated at 50
and 150 mg/L in successive experiments, at a constant bed
height (15 cm) and constant volumetric flow rate (15 mL/
min). Bed height is a crucial determinant which governs the
capacity and life of an adsorption column which are required
for successful deployment in the field. Experiments were
carried out for three different bed heights, namely, 5, 10, and
15, maintaining the volumetric flow rate at 15 mL/min with
an initial phenol concentration of 50 mg/L in the incoming
stream.

Models of continuous column adsorption studies
Thomas model

Thomas model is an extensively used adsorption model that
assumes fluid flow behavior in the packed bed is analogous
to plug flow without any axial mixing. Irrespective of early
or delayed breakthrough conditions, the model assumes
Langmuir adsorption equilibrium conditions and obeys
reversible second-order reaction kinetics. The model is apt in
cases, where the sorption process is independent of exterior
surface and pore diffusion considerations [15]. The quantita-
tive version of the model is given by Eq. (8):

Co Kryg.m
In <F - 1) = T - KThC()t, (8)

t

where Ky, (mL/min mg) denotes the Thomas constant, g,
(mg/g) is the adsorption capacity, C, (mg/L) is the influent
solution composition, C, (mg/L) is the outlet solution con-
centration, m (g) is the mass of sorbent in the column, and
t(min) is the time. The values of Ky, and g, were estimated
from the linear plot.

Yoon-Nelson model

Yoon—Nelson model assumes that as the adsorption pro-
ceeds, the probability of adsorption for every subsequent
species decreases [16]. The model is independent of physical
and chemical characteristics of the system. The mathemati-
cal expression of the model is
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C
In <Co _t Cz) = Kynt = 7caKyns )]

where Kyy (L/min) designates the rate constant and 7,
(min) is the time duration required for half of adsorbate to

achieve breakthrough.
Clark model

Clark model assumes the applicability of the Freundlich
isotherm of adsorption behavior with the overall sorption
rate being determined by the mass transfer consideration
outside the adsorbate [17]. The mathematical expression of
the model is

n—1
CO
In l(—) - 1] =rt+1nA, (10)
G

where 7 (min~!) and A are Clark constants. The model can
be used to estimate additional parameters, namely, sorption
rate constant (k) and sorbate removal capacities (¢ and g,,)
using r and A values, using the following equations:

Zkq

InA = —

nA = an
14

Im = e (12)
m

r = kC,. (13)

The linear velocity u, is calculated from volumetric
flow rate and column cross-sectional area data. Z is the bed
height, V is the packed bed volume and m is the quantity of
adsorbate used.

Adams-Bohart model

The Adams—Bohart model hinges upon the surface reaction
mechanism and states that the rate of adsorption of adsorb-
ate molecules varies in direct proportion to the adsorption
capacity available on the surface of the adsorbent. [18]. The
expression of the model is
C, Z

In EO = KAdamsCOt - KAdamsNou_o’ (14)
where K 4,mas (L/min mg) denotes the Adams—Bohart model
rate constant, N, (mg/L) designates the maximum species
adsorptive capacity per unit volume of the column, Z is the
column height, and u, is the influent stream linear velocity.
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Wolborska model

The Wolborska model describes adsorption behavior on the
basis of diffusive mass transport phenomena for low con-
centration phase of breakthrough plots. The mathematical
representation of the Wolborska model [19] is

C, pCy. Pz

=—1r-—, as)

In —
Co Ny Uy

where f is the kinetic coefficient of external mass trans-
port (min~!). All the other parameters are the same as in the
Adams—Bohart model described earlier.

Continuous fixed-bed adsorption column design requires
the estimation of concentration data with respect to time
from the breakthrough curves. In this work, phenol sorption
behavior using garlic peel powder (GPP) adsorbent was stud-
ied by applying thermodynamic models, including Thomas,
Yoon—Nelson, Clark, Adams—Bohart, and Wolksbora model
to the experimental data.

Fitness of the adsorption models

The error analysis was performed to obtain the best fitting
model using the coefficient of determination (Rz) and sum
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Fig.2 Effect of flow rate on the breakthrough curve. (Operating con-
ditions: phenol concentration 50 mg/L, pH 2, bed height 15 cm)

of the squared differences between the experimental data set
and predicted values obtained from the aforementioned mod-
els. The following expression gives the sum of the squares
of error (SSE):

2{(8).-(8).) (16)

SSE = )
N

where <%) is the predicted value for the ratio of effluent
0/c¢c

and influent phenol composition and <% > is the experimen-
0/e

tally determined value for the ratio of effluent and influent
phenol composition in the streams. N denotes the total num-
ber of experimental data points.

Results and discussion
Influence of flow rate on sorption performance

The uptake of phenol by garlic peel powder was studied at
three different volumetric flow rates: 15, 20, and 25 mL/min
to examine the impact of flows on the sorption bed perfor-
mance. For the experimental studies, the initial phenol con-
centration in the feed stream was maintained at 50 mg/L and
the bed height used was 15 cm. The breakthrough time (1)
and the exhaust time (te) corresponded to the concentration
ratios ==0.10 and 0.90, respectively. The respective break-

througijl volume (V,) and exhaust volume (V,) data were
determined using the volumetric flow rate. Figure 2 shows
the breakthrough curves for all the three volumetric flow
rates. The instant breakthrough time decreased with increas-
ing flow rate. Accordingly, the instant breakthrough time
observed was 160, 90, and 40 min corresponding to the volu-
metric flow rates of 15, 20, and 25 mL/min, respectively, and
the exhaust times were 340, 230, and 200 min, respectively.
At the break through point, the amount of phenol adsorbed
for the same initial concentration of 50 mg/L corresponded
to 120 mg, 90 mg, and 50 mg, while at exhaustion, the
amounts adsorbed were 255 mg, 230 mg, and 250 mg. The

Table 1 Column data and their parameters obtained at different bed heights, flow rates and influent phenol concentration onto GPP

Z(m) Q(L/min) C,(mg/L) f(min) ¢ (min) V, (L) V.,(L) MTZ(cm) ¢, (min) U,(cm/min) HUB(cm) Percentage
saturation
5 0.015 50 70 210 0.8 3.15 3.571 150 0.0238 2.842 68.80
10 0.015 50 120 260 1.9 4.05 5.926 160 0.0370 4.255 73.10
15 0.015 50 160 340 29 5.1 7.941 180 0.0441 5.840 78.80
15 0.02 50 90 230 1.8 4.6 9.13 140 0.065 6.63 7291
15 0.025 50 40 200 1 5 12.00 160 0.075 10.20 65.34
15 0.015 100 110 260 1.5 3.9 9.231 160 0.0577 7.02 74.80
15 0.015 150 60 220 0.75 3.3 11.591 170 0.0682 9.65 66.20

]
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exhaust time observations indicated that a longer time was 2
required to attain saturation at smaller flow rates. It is under- 3
standable considering that at lower flow rates, phenol species a2
have enough time to diffuse through the pores of the adsor-
5 J

bent material and hence occupy more sites. The observations
concur with the literature reports [20-22]. Increase in volu-
metric flow rates in the garlic peel bed showed a decrease in
phenol removal efficiency (65.75-55.52%). It can be attrib-
uted to the reduction in contact time between the adsorbate
material and the adsorbent species at increased volumetric
flow rates. The empty bed contact time decreased on increas-
ing the stream flow rate (Table 1). At lower values of flow
rate, the interaction between adsorbate and adsorbent is
enhanced resulting in increased diffusion of phenolic species
onto the garlic peel powder and hence results in maximum
utilization of sorption bed region. The impact is also

(]
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Fig.5 Linear plot of Thomas model with experimental data at a dif-
ferent flow rates, b different influent phenol concentrations, and ¢ dif-
ferent bed heights

reflected in increased longevity in sorption bed performance
[23, 24]. Table 1 also shows the sorption column parameters,
namely, length of the mass transfer zone (MTZ), time
required for the mass transfer zone to move its own length
up or down the column (tz), and rate of movement of the
mass transfer zone (U, ).
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Influence of influent concentration on sorption
performance

Inlet phenol concentration was found to have considerable
influence on breakthrough performance (Table 1). The sorp-
tion breakthrough curves were plotted based on the experi-
mental data for three distinct feed phenol concentrations:
50,100 and 150 mg/L with all the other parameters includ-
ing adsorbent bed height (15 cm) and volumetric flow rate
(15 mL/min). It was observed that for the phenol compo-
sition of 50, 100, and 150 mg/L in the feed streams, the
experimental breakthrough time instants were 160, 110, and
60 min, respectively, and the exhaust time instants were 340,
260, and 220 min, respectively. On increasing the incom-
ing phenol concentration from 50 to 150 mg/L, the uptake
of sorbent by garlic peel powder increased from 21.15
to 33.46 mg/g, whereas a decrease in phenol percentage
removal was observed from 65.70 to 52.72%. The increase
in adsorptive capacity of the garlic peel powder was due to
higher concentration of phenol in the incoming stream pro-
viding higher driving force [25]. As observed in Fig. 3, the
lowest inlet phenol composition (50 mg/L) corresponded to

Table 2 Parameters of the Thomas model at different conditions

the longest time (160 min) to accomplish the breakthrough,
while at the highest phenol composition (150 mg/L), the
breakthrough was achieved relatively quickly (60 min). The
time taken to reach saturation for garlic peel powder adsor-
bent decreased from 340 to 220 min when the incoming
phenolic concentration increased from 50 to 150 mg/L. For
small influent phenolic compositions, the shape of the break-
through curve was considerably flat signifying a compara-
tively wider mass transport regime and film-controlled phe-
nomenon. On the other hand, the breakthrough curves were
relatively sharper at large phenolic compositions, suggesting
a relatively shrunk mass transport regime and intra-particle
diffusion-controlled phenomenon. The findings concur with
reports from the other researchers [26—28].

Influence of bed height on breakthrough curves

The breakthrough performance for three distinct heights of
GPP bed for phenol-water treatment is illustrated in Fig. 4. It
is evident from the Fig. 4 that both the breakthrough and the
exhaustion times got extended from 70 to 160 min and 210
to 340 min, respectively, on increasing sorption bed heights

Operating conditions Parameters of the model R? SSE
Flow rate (L/min) Initial concentra- ~ Bed height Ky, (L/mg min) Qe cal (ME/g) e exp (ME/g)
tion (mg/L) (cm)
0.015 50 15 0.0005 21.09 21.36 0.9537 0.124
0.02 50 15 0.0007 17.77 17.66 0.9808 0.001
0.025 50 15 0.0008 17.48 17.29 0.9866 0.0002
0.015 50 15 0.00051 21.15 21.35 0.9517 0.118
0.015 100 15 0.00029 31.05 31.08 0.9881 0.0001
0.015 150 15 0.00020 33.46 34.69 0.9524 0.121
0.015 50 5 0.00126 17.58 17.60 0.9735 0.012
0.015 50 10 0.00091 16.02 16.40 0.9771 0.002
0.015 50 15 0.00051 22.05 21.95 0.9541 0.123
Table3 Parameters of th.e Operating conditions Parameters of the model R? SSE
Yoon—Nelson model at different
conditions Flow rate (L/min) Initial concen- Bed Kyn (min™1) Teu (Min) 7o, (Min)
tration (mg/L) height
(cm)
0.015 50 15 0.0255 259.7 270 0.9886  0.001
0.02 50 15 0.0345 164.5 160 0.9990  0.0001
0.025 50 15 0.025 129.7 130 0.9980  0.0002
0.015 50 15 0.0253 260.42 270 0.9911  0.0002
0.015 100 15 0.0289 191.16 190 0.9956  0.0002
0.015 150 15 0.0305 137.33 140 0.9884 0.002
0.015 50 5 0.0328 140.49 140 0.9883  0.002
0.015 50 10 0.0356 192.49 190 0.9885 0.002
0.015 50 15 0.0255 259.73 270 0.9881 0.002

]
* @ Springer



386

International Journal of Industrial Chemistry (2018) 9:379-390

from 5 to 15 cm (Table 1). Furthermore, the volumetric
amounts of phenolic solution treated at breakthrough point
and exhaust point were higher (Table 1) for the longer bed
heights when compared to the shorter ones. The experiments
indicated that the saturation was reached faster for shorter
beds due to restricted availability of sorbent and hence the
availability of active adsorption sites on GPP. The profiles
of the breakthrough curves leveled off on increasing bed
heights, resulting from a widened mass transfer zone forma-
tion. The columns with the longer adsorbent beds, therefore,
took a much longer duration to reach complete exhaustion
contributing to the extended service time of the beds [29, 30].

Modeling and analysis of column adsorption data

Different existing mathematical models were assessed to elicit
information on fixed-bed adsorption column performance
and to derive the parameters that would be helpful for scale
up of columns for field applications. The models examined
included those proposed by Thomas, Yoon—Nelson, Clark,
Adams—Bohart, and Wolborska. The goodness of model fit was
assessed using the coefficient of determination and the sum of
the squares of the errors obtained to through regression analysis.

Application of the Thomas model

The model proposed by Thomas indicated the highest phenol
concentration on GPP solid phase (g, .,) and adsorption rate
constant (Kr,) for the continuous process. A plot of
ln<% — 1 ) versus time for biosorption of phenol on GPP at

t

distinct experimental conditions is shown in Fig. 5. The cal-
culated values of constants Ky, and g, ., as obtained from
Eq. (8) along with the statistical information are listed in
Table 2. The concentration values ¢, ., obtained from
Thomas model using Eq. (2) were comparable to the experi-
mental values (qe’exp) obtained. The value of g, ., decreased
from 21.09 to 17.55 mg/g, as the volumetric flow rate
increased from 15 to 25 mL/min. A higher Thomas model
rate constant indicated faster approach to the equilibrium.
The adsorptive capacity increased from 21.15 to 33.46 mg/g,
as the initial phenolic composition increased from 50 to
150 mg/L, whereas the value of Ky, decreased from 0.00051
to 0.00020 (L/min mg), respectively, in agreement with
trends reported in the literature [31-33]. It is also evident
from Table 3 that as C;; and GPP quantity increased, the
values of g, ., and K, saw a corresponding changes. The
behavior can be attributed to the fact that the driving force
for adsorptive phenomenon is directly determined by the
difference in phenolic concentrations in two phases. The
value of R? varies from 0.9866 to 0.9517, while the values
of SSE range between 0.0001 and 0.124. The high values of
coefficient of determination and low values of SSE indicate
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the goodness of fit between the experimentally collected data
and the corresponding predictions made by the model.

Application of the Yoon-Nelson model

The rate constant in Yoon—Nelson model Ky, decreased,
whereas that of 50% breakthrough time 7, increased as
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Table 4 Parameters of the Clark model at different conditions
Operating conditions Parameters of the model R? SSE
Flow rate (L/min) Initial concentra-  Bed height A (-) 7 (min~!) k (L/min mg) q,, (mg/g)

tion (mg/L) (cm)
0.015 50 15 493.14 0.0245 0.00049 20.56 0.9493 0.021
0.02 50 15 190.15 0.033 0.00066 17.22 0.9825 0.020
0.025 50 15 19.23 0.024 0.00048 16.61 0.9897 0.018
0.015 50 15 478.28 0.0244 0.00048 20.54 0.9473 0.023
0.015 100 15 174.83 0.0288 0.00028 29.96 0.9964 0.0004
0.015 150 15 37.05 0.0297 0.00019 29.64 0.9479 0.021
0.015 50 5 72.20 0.0317 0.00063 31.44 0.9789 0.025
0.015 50 10 592.35 0.0341 0.00068 21.90 0.9843 0.019
0.015 50 15 493.93 0.0245 0.00049 20.56 0.9497 0.023

bed depth increased (Table 3). However, with an increase
in volumetric flow rates, the values of 7, decreased, but the
value of Ky, (Fig. 6) increased. The substantial reduction in
7., Value with decreased bed height, increased inflow veloc-
ity, and increased incoming phenol concentration was due
to fast saturation of fixed-bed columns. Similar patterns of
relation between a decrease in 7, and increase in rate con-
stant Ky on increasing the volumetric flow rate and influent
sorbate concentration have been reported in the literature
[34, 35]. Table 3 indicates that the values of 7, estimated
by the Yoon—Nelson model are in close agreement with the
experimentally determined values z,,,. The regression coet-
ficient values being high (ranging from 0.9990 to 0.9881), as
given in the Table 3, and low values of SSE ranging between
0.0002 and 0.002 advocated that Yoon—Nelson model exhib-
ited a good fit to the experimentally determined adsorption
data obtained in the present studies.

Application of the Clark model

The calculations in Clark model were performed with Fre-
undlich constant n=1.9. The parameters r and A in the Clark
equation were determined from concentration versus time
data according to Eq. (10). Table 4 enlists r and A values
in the Clark model. The data indicate that the values of r
increased with the decrease in bed height, increase in volu-
metric flow rate and incoming phenol composition. Besides,
the values of A also increased with bed height. The model
parameters r and A were incorporated into the equation to
obtain the concentration terms at various values of time
and plotted along with experimentally determined break-
through curves (Fig. 7). The adsorption rate coefficient k and
removal capacity g,, were estimated. Regression analysis has
indicated the applicability of the model for calculating the
parameters [36].

Application of the Adams-Bohart model

The mathematical approach focused on the estimation of
the Adams—Bohart model parameters, including maximum
volumetric adsorptive capacity (NO) and kinetic constant
(K Adams ) from the model equation [37]. The results are pre-
sented in Table 5 under various operating conditions along
with error analysis parameters, which indicated unsatisfac-
tory fitness. As the initial phenol concentration is increased,
the maximum volumetric adsorptive capacity of the bed
increased from 3288.0 mg/L (at 50 mg/L) to 5596.9 mg/L
(at 150 mg/L). Furthermore, the values of kinetics constant
K\ gams inCreased, as the flow rate increased. However, with
the increase in inlet concentration and kinetics constant,
K 5 4o decreased from 3.60x 1073 to 1.40x 1073 L/mg min.
Figure 8 shows the predicted and experimental breakthrough
curves under optimized conditions. Based on regression
analysis results, the Adams—Bohart model is found relatively
less suitable for depicting the adsorption behavior of phenol
in garlic peel powder.

Application of the Wolborska model

The phenol remediation data were also fitted using Wolbor-
ska model using Eq. (15) for various operating conditions.
A linear relationship (Fig. 8) for In(C,/C,) versus time was
found for the low concentration regime up to 50% break-
through. The linear plot was used to determine the kinetic
coefficients of mass transfer and bed capacity N,. Table 6
shows the determined parametric values. An increment in
volumetric flow rate from 15 to 20 mL/min increased the
value. It could be attributed to the possible shrinkage in the
film boundary layer zone adjacent to the sorbent particles
at higher turbulence. N, values increased with increment in
the values of Z and C,, and decreased with increase in the
volumetric flow rates [38]. Error analysis for various models
(compiled in Table 7) suggests that the Yoon—Nelson model
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Table 5 Parameters of the Operating conditions Parameters of the Model R SSE.
Adams—Bohart model at
different conditions Flow rate Initial concen-  Bed height  K,,,,,, (L/mg-min) N, (mg/L)
(L/min) tration (mg/L)  (cm)
0.015 50 15 0.0003660 3202.48 0.9194  1.987
0.02 50 15 0.0007040 2457.58 0.9463  7.015
0.025 50 15 0.0004420 2750.26 0.9322 2452
0.015 50 15 0.00036 3288.0 09121  2.022
0.015 100 15 0.00024 4691.1 0.9683 1.340
0.015 150 15 0.00014 5596.9 0.9413 4955
0.015 50 5 0.0006 5061.67 0.8459  2.101
0.015 50 10 0.0004 3267.55 0.9445  6.590
0.015 50 15 0.00037 3297.04 0.9205  2.035
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Table 6 Parameters Of_ the Operating conditions Parameters of the model R? SSE
Wolborska model at different
conditions Flow rate (L./min) Initial concentra- Bed height N, (mg/L) B (min™h)
tion (mg/L) (cm)
0.015 50 15 3292.48 1.21 0.9194 2.020
0.02 50 15 2457.58 1.73 0.9463 9.30
0.025 50 15 2750.26 1.92 0.9322 2.000
0.015 50 15 3288.0 1.2 0.9121 1.777
0.015 100 15 4691.1 1.14 0.9683 1.964
0.015 150 15 5596.9 0.78 0.9413 4.858
0.015 50 5 5061.67 3.04 0.8459 2.236
0.015 50 10 3267.55 2.29 0.9445 6.223
0.015 50 15 3297.04 1.21 0.9205 1.970
Table 7 Error analysis for various models
Operating conditions Thomas model Yoon—Nelson Clark model Adams-Bohart ~ Wolborska
model model model
Flow rate (L/min) Initial Bed ht. (cm) R? SSE R? SSE R? SSE R? SSE  R? SSE
Conc.
(mg/L)
0.015 50 15 0.9537 0.124 09886 0.002 0.9493 0.021 09194 1987 09194 2.020
0.02 50 15 0.9808 0.0001 0.9990 0.0002 0.9825 0.020 0.9463 7.015 0.9463 9.30
0.025 50 15 0.9880 0.0002 0.9980 0.002 0.9897 0.018 0.9322 2452 0.9322 2.000
0.015 50 15 09517 0.118 09911 0.0002 0.9473 0.023 09121 2.022 09121 1.777
0.015 100 15 0.9881 0.001 0.9956 0.0002 0.9964 0.0004 0.9683 1340 0.9683 1.964
0.015 150 15 0.9524 0.121 0.9884 0.002  0.9479 0.021 0.9413 4955 09413 4.858
0.015 50 5 0.9735 0.012 09883 0.002 09789 0.025 0.8459 2.101 0.8459 2.236
0.015 50 10 0.9771 0.002 09885 0.002 0.9843 0.019 09445 6.590 0.9445 6.223
0.015 50 15 0.9541 0.126 09881 0.002 0.9497 0.023  0.9205 2.035 0.9205 1.970

is the most suitable for the prediction of breakthrough curves
at the experimental conditions studied for phenol sorption
in GPP columns.

Conclusion

The studies have indicated that the process of removal of
phenol from aqueous systems using garlic peel powder can
be successfully translated to the field, as the removal is pos-
sible in continuous mode. Furthermore, it indicated that low
flow rates would sustain the performance for a longer time
within breakthrough levels with a higher specific rate of
adsorption improving the efficiency of utilization of garlic
peels. This would be advantageous, as garlic peel adsorption
is a once-through process without regeneration. The various
models of adsorption were assessed using the experimen-
tal data and specific information were derived: adsorption
capacity (Thomas), 50% breakthrough (Yoon-Nelson),
removal rate (Clark) and maximum volumetric adsorption

capacity (Adams—Bohart) and kinetic coefficient of mass
transfer (Wolborska). It is inferred that the fixed-bed adsorp-
tion column with GPP adsorbent can be used as a phenol
remediation technique for aqueous streams. The insights
gained here from experimental column studies would aid in
the design and scale up of phenol sorption GPP columns for
utility in field applications.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
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