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ABSTRACT

The current study estimates the feasibility of modified rice husk (MRH) in eliminating
phenol and cyanide from binary aqueous solution through packed bed column studies. The
influence of varying initial concentration, flow rate, and bed depth on the performance of
packed column was examined. The experimental data for the packed bed column were
applied in different kinetic model such as the Thomas, Adams-Bohart, Yoon-Nelson, and
Wolborska model to calculate the breakthrough curve and to define the representative
parameters of the packed bed column beneficial for scheming large-scale column studies.
The Thomas model is to be found best for phenol, whereas Yoon-Nelson Model provided
good agreement with experimental data (R* > 0.85) for both phenol and cyanide. This model
was designed to calculate the 50% breakthrough time attained by the packed bed column
system and provided the predictable breakthrough time for the packed bed columns that
were not exhausted throughout the process. Average relative error was applied to estimate
the characteristics of the predicted and experimental values under the corresponding models
to observe the best fit model. The MRH packed bed column could be effectively used up to
six cycles of adsorption/desorption for the elimination of phenol and cyanide, respectively.

Keywords: Breakthrough study; Cyanide; Dynamic modeling; Modified rice husk; Phenol;
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1. Introduction

In current years, there has been significant atten-
tion in the treatment of wastewater produced by
industrial processes. Coke wastewater produces from
the coke process of steel plant contains several toxic
compounds with high concentrations [1,2]. Phenol and
cyanide comprising wastewater may not be accompa-
nied into surface water without prior treatment
because of the poisonous nature of pollutants. Phenol,
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cyanide, and their compounds are among the utmost
universal pollutants and they are extensively well
known to be toxic. The maximum contaminant limit
(MCL) in industrial release has been set at 0.5 mg/L
for phenol and 0.2 mg/L for cyanide by World Health
Organization (WHO), central pollution control board
(CPCB), and US environmental protection agency
(USEPA) [3]. Low concentrations of phenol contact
can cause eyes and skin harms, nuisance, vomiting,
central nervous system, lung, liver, kidney, and heart
harm, eventually foremost to death. On the other
hand, cyanide can cause coma, heart pains, inhalation
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sicknesses, headaches, and even death [4,5]. Different
skills have been established and are accessible to elim-
inate phenol and cyanide from industrial effluent,
avoiding the contamination of the environment.

Adsorption using granular-activated carbon (GAC)
in different reactor arrangements has been the most
used technologies for the treatment of industrial
wastewater comprising phenol and cyanide pollutants.
The continuous removal process of pollutants has
increased pronounced attention in current years [6,7].
A number of research have been carried out on the
treatment of phenol and cyanide comprising wastewa-
ter by using fluidized bed reactors, biofilm reactors,
rotating biological contactor reactor, and membrane-
based reactors [5-10]. Use of such treatment techniques
requisites high cost and constant contribution of chemi-
cals, which converts unrealistic and uneconomical.
Hence, effective, low cost and sustainable techniques
are mandatory for treatment of wastewater. Usually,
adsorbents offer a large surface area to interact with
pollutants [11,12,14,15]. The adsorption process by
GAC is established to be the best accessible technology
for the removal of pollutants from wastewater [3,11,12].
But due to high cost and regeneration problem, reduce
the industrial use of GAC for the adsorption process.

The exploration of easily available and a low-cost
adsorbent has led to the search of biological and agri-
cultural source of biomass, as adsorbents. Various
investigators have been motivated on the use of cheap
substitute adsorbents comprising natural materials,
biosorbents, and waste byproducts from agriculture
and industry source for pollutants removal from
wastewater [11-18]. The adsorption process by using
different types of agricultural source biomass has
increased reliability in current years because of its out-
standing performance and simplicity of strategy for
treatment of wastewater [11,12].

The modified rice husk (MRH), is profuse agro-
nomic low cost products, is able of eliminating phenol
and cyanide and can be measured as an effective
adsorbent for treatment of phenol and cyanide. In cur-
rent years, consideration has been taken on the appli-
cation of modified or unmodified rice husk as an
adsorbent for the elimination of phenol and cyanide
[13-17]. Continuous flow of pollutant results achieving
equilibrium and adsorbent regeneration is to be neces-
sary after this phase. Owing to this feature, break-
through study becomes necessary for calculation of
performance and design of the packed bed [19,20].

In this paper, the adsorption features of phenol
and cyanide on MRH synthesized in the laboratory
was studied in laboratory-scale packed bed column
with variable parameters of the inlet flow rate of
pollutants, initial concentration, and bed depth. The
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performance and breakthrough curve features of the
MRH for the simultaneous removal of phenol and
cyanide from binary aqueous solution via continuous
packed bed column were also evaluated. Continuous
column dynamics have been carried out by
Adams-Bohart model, Thomas model, Wolborska
model, and Yoon-Nelson model.

2. Materials and methods
2.1. Reagents

Phenol and cyanide were obtained from Himedia
Laboratories Pvt. Ltd. Mumbai, India. All analytical
reagents (AR) grade chemicals were used in this
study.

2.2. Instrumentation

The concentrations of phenol and cyanide were
determined by colorimetric picric acid and 4-aminoan-
tipyrene methods, respectively, by UV-vis spectropho-
tometer [18]. The Brunauer-Emmett-Teller (BET)
surface area of MRH was calculated by using a surface
area analyzer (ASAP 2010 Micrometrics, USA). The
pH of solutions was measured by standard methods
using pH meter provided by WTW® Germany (makes
pH 720). The SEM images of loaded and unloaded
adsorbents were collected by using a scanning electron
microscope (LEO 435 VP). The bulk density of adsor-
bent was determined by using a MAC bulk density
meter. In packed bed experiments, a peristaltic pump
(PP- 20) procured from Miclins India, Chennai was
used to feed the phenol and cyanide solution through-
out the packed bed.

2.3. Preparation of adsorbate

Adsorbate solutions were prepared by dissolving
appropriate quantity of phenol and cyanide in
millipore water. The concentration of 500 mg/L for
phenol and 50 mg/L for cyanide was used for packed
bed column study.

2.4. Preparation and characterization of adsorbent
2.4.1. Preparation and characterization MRH

Rice husk collected from a local market in Roorkee,
India, was used in this experiment. Rice husk was
washed with millipore water for three times in order
to take away dirt and other contaminations. Then the
adsorbent materials were dried in an oven under the
temperature of 60°C for 24 h. The rice husk was
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modified by using 2 N H,SO, solution at a ratio of 1:2
solid to liquid for 24 h to increase pore volume and
surface area. After thatt MRH was washed with
millipore water until the complete acid removes and
dried at 60°C to completely remove moisture and
stored in an air tight vessel for further use. Spectral
analysis using Fourier Transform Infrared (FTIR,
Nicolet 6700, USA) was used to define the functional
groups existing onto the surface of the MRH before
and after adsorption.

2.5. Continuous packed bed adsorption study

Continuous packed bed adsorption experiments
were accompanied using a column of 3 cm diameter
and 93.1 cm height. A runs of experiments were car-
ried out to study the influence of packed bed height
(18, 36, 54, 72, and 93.1 cm), feed flow rate (440, 220,
and 146.6 mL/h), and initial phenol and cyanide con-
centration in ratio (100:10, 300:30, and 500:50 mg/L).
The experiments were conducted by the varying flow
rate of the solution using initial concentrations of
500 mg/L for phenol and 50 mg/L for cyanide. Solu-
tion with known concentration of phenol and cyanide
was pumped from the bottom of the packed bed
column at a varying flow rate of 440 mL/h using a
peristaltic pump (Fig. 1). The treated samples at the
outlet of the packed bed column were obtained at
fixed time intervals. Subsequently packed column
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Fig. 1. Schematic diagram of continuous packed bed
column.
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exhaustion the phenol and cyanide loaded adsorbent
was regenerated with 0.1 N HCI by using flow rate
440 mL/h. Thereafter, adsorbent bed was washed with
millipore water two times and the regenerated bed
was reprocessed in additional cycle.

2.5.1. Calculation of breakthrough curve parameters

The performance of the continuous packed column
was estimated by breakthrough curve. The break-
through curves demonstrate the packing performance
of phenol and cyanide to be eliminated from solution
in a packed bed [19]. Generally, the breakthrough
curve was defined by normalized concentration as
C¢/C;, in which Cf and C; signify the final and initial
concentration of pollutants, respectively. The curve
was expressed as normalized concentrations against
the contact time or effluent volume:

Veff = Q * total ¢))

where V. is the volume of effluent (L), Q is the
volumetric flow rate (mL/h), and f., represent total
flow time (h).

The total adsorbed phenol and cyanide amount
(Grotal (Mg)) at saturation in the continuous packed col-
umn for a given initial concentration and flow rate is
obtained from:

Q-A_ Q

t=total
1000 1000/ Coa - df @

t=0

Gtotal =

where Q and A are the flow rate (mL/h) and the area
under the breakthrough curve, respectively.

The total amount of phenol and cyanide, sent to
packed column (M) is designed from Eq. (3):

Mtolal = Ci ' Q . ttota1/1000 (3)

Total percentage removal of phenol and cyanide (per-
formance of packed bed column) can be calculated
from the equation given below:

Total percentage removal = @ x 100 4)
i

Equilibrium uptake (exp) of phenol and cyanide (max-
imum capacity of the packed bed column) can be
defined by Eq. (5) as the total amount of phenol and
cyanide adsorbed (giota) per unit of dry weight of
adsorbent (M) in the column:
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Qe(exp) = q};)/}al (5)

The influence of packed column adsorption height is
determined through mass transfer zone (MTZ) [20].

To determine the length of MTZ from break
through curve following expression given below:

fou — t
MtzH, = H t—b (6)

where H,, is the height of the MTZ, H is the bed
depth (cm), t, is the time required to reach break
through point(thour), and f., is the time required to
reach exhaustion (h).

2.6. Packed bed modeling study

The nature of breakthrough curve and break-
through time are considerable features in determining
the dynamic behavior of an adsorption packed bed
column [19,20]. The breakthrough curve defines the
performance of the packed bed column. Various
mathematical models have been established to analyze
the breakthrough curve for phenol and cyanide
adsorption in packed columns.

2.6.1. Adams—Bohart model

In general, Adams—Bohart model or bed depth ser-
vice time model is one of the simplest and extensively
used model for describing adsorption in packed bed
column [20]. This model was established on the
approximation of parameters characteristics as kinetic
constant and adsorption capacity. The model is estab-
lished on the surface reaction theory. Adams-Bohart
model provide a widespread methodology for estimat-
ing column dynamics.

Non linear form of the Adams-Bohart model is
expressed by equation given below:

In (C¢/C;) = Kap Cit — Kap No(H/Uy) (7)

where C; and C; are the influent and effluent concen-
trations (mg/L), respectively, Kap is the Adam-Bohart
kinetic constant (L/mg/h), Ny is the adsorption capac-
ity (mg/L), H is the height of the adsorbent bed (cm),
t is time (h), and Uy is the linear velocity (cm/h) cal-
culated from the ratio of volumetric flow rate to the
bed section area.

N. Singh and C. Balomajumder | Desalination and Water Treatment 57 (2016) 23903-23917

2.6.2. Thomas model

The Thomas model has been used to explain the
breakthrough of a packed column and the describing
adsorption parameters of the packed column [21,22].
This model was described that the rate driving force
obeys the second-order law of reversible reaction
kinetics. This model follows Langmuir kinetics and
the constant separation factor. No axial dispersion at
minimum bed height and the breakthrough happened
instantly after the flow started [23].

The Thomas model is stated in a non-linearized
form, as shown in given equation:

M
Ct/Ci = 1/1+exp <Kth Imp — K x f) ®

where C; and C; are the influent and effluent concen-
trations (mg/L), respectively, Ky, is the Thomas rate
constant (mL/mg/h), g, is the maximum adsorption
capacity (mg/g), M is the mass of adsorbent in col-
umn (g), and F is the influent flow (mL/h).

2.6.3. Wolborska model

The Wolborska model was focused on the estima-
tion of parameter kinetic coefficients of the external
mass transfer (h™1) [24,25]:

)

ﬁaC,-t ﬁaH>
Cs/Ci =ex —
i/Ci p( No U

where S, is kinetic coefficient of the external mass
transfer (h™).
The parameter f, is defined by equation:

Uy 4B8,D
=21 22 1
Pa 2D< MY )

where C; and C; are the influent and effluent
concentrations (mg/L), respectively, f, reflects exter-
nal mass transfer coefficient with a negligible axial
dispersion coefficient (D). Negligible axial dispersion
occurs at low bed height or feed flow rate is very high
through the column. g, reflects the influence of
both axial dispersion and mass transfer in liquid
phase. The Wolborska model will equivalent to the
Adams-Bohart model if parameter f5,/Ny = Kap.

(10)
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2.6.4. Yoon—Nelson model

This model was based on the statement that the
rate of reduction in possibility of adsorption for indi-
vidually adsorbate is proportional to the possibility of
adsorbate breakthrough on the adsorbent and the pos-
sibility of adsorbate adsorption [26,27]. This model is
not as much of complex than other models and needs
less or no full data regarding the features of the adsor-
bate, the physical properties of adsorbent packed in
the bed, and the type of adsorbent [27].

The Yoon-Nelson model expression is given by the
equation:

Ce _ exp(kynt — thyn) 1)
Ci 1+ exp(kynt — thkyn)

where C; and C; are the influent and effluent concen-
trations (mg/L), respectively, kyn is rate constant
(hY), t is time (h), and r is the time required for 50%
adsorbate breakthrough (h).

2.6.5. Error analysis

To evaluate the best appropriate model from the
best fit to the experimental data, it is essential to study
the experimental data by error analysis. Error analysis
approaches such as the average relative error (ARE),
have been used in the present study to obtain the model
which is better fitted to the experimental values [28].

The differences between experimental data and
data acquired from above-mention model can be ana-
lyzed by given error function:

! Cf/ci)cal - (Cf/ci)exp

1 (
ARE =) (/T (42

where superscript cal and exp indicate the calculate
data from models and experimental data, and 7 is the
number of measurements.

3. Results and discussions
3.1. Characterization of adsorbents

The moisture content, ash content, and fixed car-
bon for MRH before adsorption were found 8.81, 23.3,
and 32.6, respectively. The bulk density of adsorbent
was determined by using a MAC bulk density meter,
which was found to be 130.6 kg/m>. The surface area
and pore volume of MRH were found 410 m?/ g and
1.90 x 1072 cc/g.
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Fig. 2 represents the morphology of SEM image of
rice husk: (a) for raw rice husk (RRH), (b) for MRH
before adsorption, and (c) for MRH after adsorption
as seen by scanning electron microscopy (SEM). The
spongy structure and plane morphology of MRH
makes it appropriate adsorbent as it improves the
adsorption ability. The surface morphology of MRH is
changed from being plane to uneven. The occupation
of pores designates adsorption of phenol and cyanide
in the pores and surface of MRH providing it an
uneven surface.

The chemical nature of adsorbent and functional
group presents on adsorbents were estimated by using
FTIR, Nicolet Avatar 370 Csl spectrometer (Thermo
Electron Corporation, USA). Fig. 3 represents the FTIR
spectrum of MRH before and after adsorption. It is
evident from figure that functional groups amine, car-
bonyl, carboxylic acid, alkyl, and C-IN were present
on the surface of adsorbent. FTIR vibrations available
on the surface of MRH before the adsorption of
phenol and cyanide, ie. 3,300-3,500, 2,500-3,100,
2,850-2,960, 1,540-1870, 1,030-1,230, cm™' displaced
weak and reduced reflectance pattern between 3,300
and 3,500, corresponds to vibrations of -OH and -NH
functional group and 2,500-3,100 corresponds to vibra-
tions of —-CH groups [29]. It could be noticed that the
maximum of the peaks was decreased after loading of
phenol and cyanide on the surface of MRH, indicating
the adsorption onto the surface of MRH. An absorp-
tion group equivalent to Si-O extends at 1,033.30 cm ™!
governs and the band at wave number 800-850 cm ™"
corresponding to Si-C stretching was established.
From figure, it could be detected that adsorption of
phenol and cyanide onto MRH observed from reduced
in the peaks of functional groups around 1,030-
1,230 cm™!, 1,540-1870 em™', 3,300-3,500 cm™', and
2,850-2,960 cm™'. The occurrence of phosphate groups
and Si-OH groups on the MRH surface are liable for
adsorption. Consequently, it can be established that
MRH existing a satisfactory surface morphology for
adsorption of phenol and cyanide.

3.2. Effect of experimental parameters on breakthrough
curve

3.2.1. Influence of bed depth

The breakthrough curve acquired for adsorption of
phenol and cyanide on MRH for five different bed
depth 18, 36, 54, 72, and 93.1 cm at a fixed flow rate
440 mL/h and inlet flow concentration 500 mg/L for
phenol and 50 mg/L for cyanide given in Fig. 4. With
decrease in bed depth, axial dispersion occurrences
led in the mass transfer and abridged the diffusion of
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Fig. 2. SEM image of rice husk: (a) for RRH, (b) for MRH before adsorption, and (c) for MRH after adsorption.
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Fig. 3. FTIR spectrum of MRH before and after adsorption.

phenol and cyanide. The adsorbate did not have
enough time to disperse into the entire of the adsor-
bent [30]. The MTZ increase with bed depth and
moves in a continuous column from the inlet of the
packed bed and keep on near the outlet. Therefore, for
constant influent concentration and bed system, high
bed depth would produce a lengthier interval from
the MTZ to reach at the exit of packed column after-
ward resulting a lengthy breakthrough time. With
decreased bed height, the breakthrough for both phe-
nol and cyanide followed quickly and the bed column
exhausted faster. The height of packed bed strongly
affected the column breakthrough time. The Qe(exp) Of
phenol for different bed depth 18, 36,54, 72, 93.1 cm,
were 1,341.46, 1,038.68, 794.65, 670.24, 610.59 mg/g,
respectively, and the Qeexp) Of cyanide were 83.91,
77.61, 70.47, 85.96, 81.54 mg/g, respectively.

3.2.2. Influence of flow rate

The influence of flow rate on the adsorption of
phenol and cyanide on MRH was observed by chang-
ing the feed flow rate (440, 220 and 146.6 mL/h) with
adsorbent bed height of 93.1 cm and initial concentra-
tion 500 mg/L of phenol and 50 mg/L of cyanide.
Breakthrough curves for the adsorption of phenol and
cyanide by MRH continuous packed column to vary-
ing flow rate given in Fig. 5. It is demonstrated from
figure that at higher flow rate, the column was satu-
rated quickly as a result the breakthrough time
decreased for both phenol and cyanide [31]. At the
lowest flow rate 146.6 mL/h, the breakthrough curves
for both phenol and cyanide were detected to have a
slow but sure curve than 220 and 440 mL/h. The max-
imum adsorption capacity of the packed column
increased with increased flow rate for both phenol
and cyanide (Table 1). At high flow rate, the interac-
tion time between adsorbate and adsorbent were com-
paratively short. Therefore, the adsorption was not
widespread and resulted in a sharp breakthrough
curve [32-34]. The Qe(expy Of phenol for different flow
rate 440, 220, and 146.6 mL/h, were 610.59, 384.80,
243.39 mg/g, respectively, and the Qcexpy Of cyanide
were 81.54, 48.24, 33.22 mg/g, respectively.

3.2.3. Influence of initial concentration of adsorbate

Packed bed adsorption experiments were accompa-
nied with variable influent concentrations of phenol
and cyanide. Fig. 6 illustrates the influence of the inlet
concentration of adsorbate solution ranging from 100,
300, 500 mg/L for phenol and 10, 30, 50 mg/L for
cyanide at a constant flow rate 440 mL/h, of MRH
packed bed height 93.1 cm. It can be observed that
an increase in the initial phenol and cyanide
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Fig. 5. Effect of flow rate: (a) phenol removal predicted by the Thomas model, (b) phenol removal predicted by
the Adam-Bohart model, (c) phenol removal predicted by the Yoon-Nelson model, (d) phenol removal predicted by the
Wolborska model, (e) cyanide removal predicted by the Thomas model, (f) cyanide removal predicted by the
Adam-Bohart model, (g) cyanide removal predicted by the Yoon-Nelson model, and (f) cyanide removal predicted by
the Wolborska model.
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Table 1

Mathematical description of continuous packed bed column parameters
Q Ci Jtotal Miotal Total Qe(exp)

Adsorbate (mL/h) M (g) (mg/L) H (cm) (mg) (mg) removal (%) (mg/g) Veff (L)

Phenol 440 1,250 500 93.1 7632.33 14,520 52.56 610.59 29,040
220 1,250 500 93.1 4809.99 12,540 38.36 384.80 25,080
146.6 1,250 500 93.1 3042.35 9,682.20 31.42 243.39 19,360.40
440 246 500 18 3,300 13,200 25.00 1341.46 26,400
440 492 500 36 5,110.29 13,200 38.71 1038.68 26,400
440 738 500 54 5864.57 13,200 44.42 794.65 26,400
440 984 500 72 6595.19 14,520 45.42 670.24 29,040
440 1,250 500 93.1 7632.33 14,520 52.56 610.59 29,040
440 1,250 100 93.1 3177.01 4,224 75.21 254.16 42,240
440 1,250 300 93.1 6115.37 9,504 64.35 489.23 31,680
440 1,250 500 93.1 7632.33 14,520 52.56 610.59 29,040

Cyanide 440 1,250 50 93.1 1019.3 1,716 59.40 81.54 34,320
220 1,250 50 93.1 602.96 1,122 53.74 48.24 22,440
146.6 1,250 50 93.1 415.21 880.02 47.18 33.22 17600.40
440 246 50 18 206.42 924 22.34 83.91 18,480
440 492 50 36 381.82 1,188 32.14 77.61 23,760
440 738 50 54 520.08 1,320 39.40 70.47 26,400
440 984 50 72 845.86 1,584 53.40 85.96 31,680
440 1,250 50 93.1 1019.30 1,716 59.40 81.54 34,320
440 1,250 10 93.1 332.97 475.2 70.07 26.64 47,520
440 1,250 30 93.1 805.52 1,267.20 63.57 64.44 42,240
440 1,250 50 93.1 1,019.30 1,716 59.4 81.54 34,320

concentrations decreases the volume treated earlier to
saturation of the packed bed, as shown in Table 1. At
high adsorbate concentrations, the adsorbent bed was
saturated more quickly thus declining the break-
through curve and decrease the breakpoint time with
increase in initial concentration [33]. The Qeexp) Of
phenol for different initial concentration 100, 300,
500 mg/L, were 254.16, 489.23, 610.59 mg/g, respec-
tively, and the Qe(exp) Of cyanide for initial concentra-
tion 10, 30, 50 mg/L were 26.64, 64.44, 81.54 mg/g,
respectively.

An extended breakthrough curve was obtained at
the decrease in the initial concentration of phenol and
cyanide demonstrating that more solution could be
passed through the packed bed. This is owing to the
circumstance that poorer concentration gradient pro-
duced a leisurelier conveyance as a result reduction in
mass transfer coefficient [19,35].

3.3. Modeling of packed bed column
3.3.1. Thomas model

The experimental data were fitted to Thomas
model for prediction of the breakthrough results. The
Thomas kinetic constant (Kyg) and a maximum

capacity of adsorption (Qp) obtained from the slope
and intercepts of linear plots of In[(C;/C¢) — 1] against
t [36]. To obtain the best fit, the statistical error func-
tions ARE was calculated. The model and break-
through curves relating to bed depth, flow rate, and
initial phenol and cyanide concentrations are pre-
sented in Figs. 4, 5 and 6. The values of Thomas
model parameters for phenol and cyanide are listed in
Tables 2 and 3, respectively. It is evident from table
that Thomas rate constant and adsorption capacity
increase with flow rate. However, the increase initial
concentration of phenol, decreased the value of
Thomas rate constant and increased the value of
packed bed capacity Qo. This situation can be recog-
nized to the more driving force due to the more
amounts of phenol and cyanide passed through the
packed bed [37,38]. The value of packed bed capacity
Qo decreased and the K, Thomas rate constant
increased with increased bed depth. Comparable ten-
dency has been detected by Aksu and Gonen [39]. For
cyanide columns, the value of Ky, and Q, of the
Thomas model has similar trend as phenol data
(Table 3). The R® values also indicated that the
Thomas model fitted better for the phenol than the
cyanide (Table 3). The maximum uptake capacity from
Thomas model was found to be 1,090.80 mg/g for



23912

(a)
1.04 B e S o o R i 2
. I wvvY
y > v v »
s, > vy
0.8 - 4 v
/ v -
4 [
4 > L]
4 ¢ > L]
0.6 - ; v -
o / > v
-
&) I » vy [ ]
v
0.4 - / > n
> v
é v m | ® Phenol 100 mg/L
pi > v at - Thomas Model 100 mg/L|
0.2 / n v Phenol 300 mg/L
. P> Vv -
o > v n <+ Thomas Model 300 mg/L|
s Ilamn L »  Phenol 500 mg/L
LA A AR ~+—-Thomas Model 500 mg/L|
0.0 T T T T T LU B B
0 20 40 60 80 100 120 140 160 180
Time (h)
12
(c) = Phenol 100 mg/L
-~ Y-N Model 100 mg/L|
A Phenol 300 mg/L
1.0
+-Y-N Model 300 mg/L| 111“‘:111?
< Phenol 500 mg/L - ok A% me
0847~ Y-NModel S00mg/t]  *< & -
X -
» P < - o a"
* o N o u
~0.6 o
8. K ¥a L |
.
¥ 4 is []
0.4 PR N A . [
RN STm -
I ¢ mm
0.2 4 P
b X o m
;:.iél;'.
0o BEEERT : : : : : :
0 20 40 60 80 100 120 140 160 180
Time (h)
(e) 12
1.0 4 : L L L i o—: quqtt tii‘
< A am
0.8 4 < A "
< A [ ]
064 < A n
~
&) < R [ ]
0.4 4 < a L]
< ® Cyanide 10 mg/L
A ® |-« Thomas Model 10mg/L
024 <« A% = |4 Cyanide30mgL
N A [ +- Thomas Model 30 mg/L]|
: : - u < Cyanide 50 mg/L
sennatbdinn + - Thomas Model 50 mg/L]
0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (h)
12 -
(g) = Cyanide 10 mg/L
*Y-N Model 10 mg/L|
4 Cyanide 30 mg/L
1.04 ¥ Rproret
* Y-N Model 30 mg/L| 11’:4v".‘
< Cyanide 50 mg/L R Ll
084+ Y-N Model 50 mg/L y 4 va e
Y4 T A LI
y .
¥ -
QI).G- <’ A _m
o " P v < m
Y ow A,
0.4 4 < L, m
V4 A
v &« L]
g AS n
0.2 ¥ v :é C. [ ]
XA ™
< n
gidamm
0ol 8888 ot
- T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (h)

N. Singh and C. Balomajumder | Desalination and Water Treatment 57 (2016) 2390323917

(b) 20
= Phenol 100 mg/L ’
184}~ A-B Model 100mg/L J7
16 4 Phenol 300 mg/L
7|+ A-B Mode 300mg/L w T
14 4| < Phenol 500 mg/L K ow
> A-B Model 500 mg/L| p,
v
124 .
* b4
- 104 PRRE L E ] a
g i
038 - <« abtry .
< D
4 < » v L} o
0.6 « AT,
< A&A o7 me
0.4 U .t .
4k - ) .
0.2 >>‘<q",v..l
soandasbbane
0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (h)
2.0
(d) = Phenol 100 mg/L >
1.8 4|+ Wolborska Model 100 mg/L| >
A Phenol 300 mg/L s
1.6 -~ Wolborska Model 300 mg/L| Fe 4
<« Phenol 500 mg/L
144+ Wolborska Model 500 mg/L| 4
124 > A
. v
-1.0 4 4144 a
o 4““,:1AA§‘
“ 08 < athy .
<« < e T an®
0.6 - < At o w
4 aaA T me
0.4 4 PRV e
qad T a®
021 L el ‘.;..-
0ol ina daagdan
0 20 40 60 8 100 120 140 160 180
Time(h)
(f) = :
= Cyanide 10 mg/L
24|+~ A-B Model 10 mg/L| ,
224| 4 Cyanide 30 mg/L
204 A-B Model 30 mg/L| ¥
18] < Cyanide 50 mg/L .
’ »— A-B Model 50 mg/L] ¥
1.6 - ¢
’
14 J
8_1.2 - ¥
5
1.0 4 s
i1rispges
0.8 4 < < A A, g e
064 <« A, .
< Ao
0.4 4 < AL TR,
02 4 : ¥ ia®”
.2 A e
‘anttél‘l“f aah
0.0 u T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (h)
26
(h) = Cyanide 10 mg/L
24|+~ Wolborska Model 10 mg/L| >
22| 4 Cyanide 30 mg/L
204[ * Wolborska Model 30 mg/L| »
< Cyanide 50 mg/L .
8> Wolborska Model 50 mg/L| ¥
1.6 ¢
144 -
3.1.2 i &P,
p, .
1.0 4 < A4
ardsgges
0.8+ < a A L
06 <« A, .
< P
0.4 4 < AT TE.
02 s anty "
.2 o & al
a;{.;tilif‘t il
0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (h)

Fig. 6. Effect of initial concentration: (a) phenol removal predicted by the Thomas model, (b) phenol removal predicted
by the Adam-Bohart model, (c) phenol removal predicted by the Yoon-Nelson model, (d) phenol removal predicted by
the Wolborska model, (e) cyanide removal predicted by the Thomas model, (f) cyanide removal predicted by the
Adam-Bohart model, (g) Cyanide removal predicted by the Yoon-Nelson model, and (f) Cyanide removal predicted by

the Wolborska model.
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Table 2

Parameters evaluated by the Thomas and Adams-Bohart model at different flow rates, bed depth, and the

concentrations of phenol
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initial

Q G Kth Qo Uy kas No

(mL/h) M (g) (mg/L) (mL/hmg) H(cm) (mg/g) R*> ARE (cm/min) (L/mgmin) (mg/L) R> ARE
440 1,250 500 0.0012 93.1 1,090.80 0.97 0.15 8,753.50 0.000036 6175557.64 0.82 0.17

220 1,250 500 0.0010 93.1 78238 0.87 044 4,376.80 0.000043 3513044.95 0.96 0.05

146.6 1,250 500 0.0010 93.1 575.87 0.82 0.74 2,918.50 0.000045 2478592.21 095 0.07

440 246 500 0.0009 18 2,771.00 0.85 0.09 8,753.50 0.000021 30389465.74 0.58 0.12

440 492 500 0.0010 36 2,097.60 0.92 0.12 8,753.50 0.000027 15414466.24 0.68 0.18

440 738 500 0.0011 54 1,546.50 0.95 0.17 8,753.50 0.000029 1041201146 0.75 0.16

440 984 500 0.0012 72 1,328.60 0.97 0.16 8,753.50 0.000035 10515315.55 0.79 2.61

440 1,250 500 0.0012 93.1 1,090.80 0.97 0.17 8,753.50 0.000036 6175557.64 0.82 0.17

440 1,250 100 0.0042 93.1 373.68 0.81 0.51 8,753.50 0.000217 1512658.23  0.97 0.50

440 1,250 300 0.0016 93.1 891.56 093 0.30 8,753.50 0.000071 3955833.76 0.90 0.12

440 1,250 500 0.0012 93.1 1,090.80 0.97 0.17 8,753.50 0.000036 6175557.64 0.82 0.17

Table 3

Parameters evaluated by the Thomas and Adams-Bohart model at different flow rates, bed depth, and initial
concentrations of cyanide

Q G Kth Qo Uy kas No

(mL/h) M (g) (mg/L) (mL/hmg) H(cm) (mg/g) R> ARE (cm/min) (L/ mg min) (mg/L) R®> ARE
440 1,250 50 0.0139 93.1 13320 095 0.39 8,753.50 0.0005 636603.66 0.89 0.30

220 1,250 50 0.0094 93.1 79.55 096 0.44 4,376.80 0.0004 340132.58 0.96 0.04

146.6 1,250 50 0.0091 93.1 57.43 0.89 051 2,918.50 0.0004 241585.38 0.98 0.02

440 246 50 0.0083 18 206.14 0.73 0.12 8,753.50 0.0002 2953803.86 0.42 0.40

440 492 50 0.0101 36 199.15 0.84 0.18 8,753.50 0.0003 1503967.06 0.57 0.49

440 738 50 0.0134 54 17090 098 0.24 8,753.50 0.0004 1021526.77 0.68 0.53

440 984 50 0.0135 72 155.79 097 0.34 8,753.50 0.0005 79825150 0.83 0.37

440 1,250 50 0.0139 93.1 13320 095 0.39 8,753.50 0.0005 636603.60 0.88 0.30

440 1,250 10 0.0422 93.1 39.91 093 0.57 8,753.50 0.0026 148377.10 0.97 0.53

440 1,250 30 0.0189 93.1 92.87 093 046 8,753.50 0.0008 406013.10 0.96 0.06

440 1,250 50 0.0139 93.1 133.2 095 0.39 8,753.50 0.0005 636603.60 0.88 0.30

phenol and 133.20 mg/g for cyanide at bed depth
93.1 cm and feed flow rate of 440 mL/h. Chowdhury
et al. [40] obtained maximum uptake capacity was
7,257.32 mg/g for manganese (II). Woumfo et al. [41]
obtained maximum capacity was 1,751.21 mg/g for
phosphate in countinuous packed bed column.

3.3.2. The Adams—Bohart model

The Adams-Bohart model was used for explana-
tion of the first part of breakthrough curve. This
methodology concentrated on the approximation of
parameters including adsorption capacity Ny and the
mass transfer coefficient Kap. In this study, linear plot
of In(C¢ - C;) against time ¢, at varying flow rates, bed
depth, and initial concentration of phenol and cyanide
were plotted. Slope and intercept of the curve were
used to evaluate mass transfer coefficient Kag and

saturation concentration Ny, respectively. The experi-
mental and calculated breakthrough curves regarding
bed depth, flow rate, and initial phenol and cyanide
concentrations are revealed in Figs. 4, 5, and 6. The
values of Kag and N, and other statistical error
parameter for phenol and cyanide are summarized in
Tables 2 and 3, respectively. It is apparent from the
Table 2 that mass transfer coefficient K,p increased
with increase in bed depth and reduced with
increased initial concentration and flow rate, whereas
the value of Nj increased with increased initial con-
centration and flow rate and reduced with increased
bed height for phenol column. In the case of cyanide,
the values of Ny and Kap of the Adams—Bohart model
have a minor difference between the phenol data. The
mass transfer coefficient K g increased with flow rate
and bed height and decreased with initial concentra-
tion. This designated that the kinetics of the system
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were controlled by external mass transfer [19,42]. The
value of Nj is to be found increased with increased
flow rate and initial concentration and reduced with
increased bed depth for cyanide (Table 3). This is due
to the fact that when the flow rate increased for both
phenol and cyanide, the volume of adsorbate that
arrived the packed bed column was higher and
caused the packed bed to saturate prior with a higher
load of phenol and cyanide. This situation is also real-
istic in the case for the increase in the initial concen-
tration of pollutants, through which the adsorbent in
the packed column attained comparative exhaustion
as the pollutant loading, was more. It is also evident
from Figs. 4, 5, and 6, that the Adams-Bohart model
applied only the initial part of the breakthrough
curves for both phenol and cyanide. These investiga-
tions demonstrate that the adsorption kinetics is subsi-
dized by the physical mass transfer of the packed bed
column system [33].

3.3.3. Yoon—Nelson model

The Yoon-Nelson model is applied in the present
work to prediction the breakthrough accomplishments.
Less column data are required for construction of the
model values. The values of kyn and 7 were obtained
from the slope and intercepts of the linear plots
between In[(C¢/(C; - Cp)] against t at varying bed
depths, flow rates, and initial concentrations predict
the rate constant and time required for 50% adsorbate
breakthrough. This model showed that the 50% break-
through for phenol and cyanide in the bed height
93.1 cm were at 61.98 and 75.70 h, respectively (Tables
4 and 5). The values of kyn were found to increase
with increasing bed heights, flow rate, and initial con-
centrations for phenol. However, the values of ¢
decreases with increases in initial concentration and
flow rate and increased with increasing bed height. A
similar tendency was found for biosorption of haz-
ardous dye and Cd (II) for continuous packed bed col-
umn [35,43]. In the packed columns, the value of
model parameter kyyn and 7 have a same trend in cya-
nide data (Table 5).

3.3.4. Wolborska model

The Wolborska model was representative for the
explanation of the first portion of the breakthrough
curve [20]. The values of B, were obtained from the
slope and intercepts of the linear plots between In
[(C¢/Cy] vs. t at different bed heights, flow rates, and
initial concentrations. The parameter of Wolborska
model kinetic coefficient B, of the external mass
transfer was found to increase with increasing flow
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rate and reduced with increasing bed height and ini-
tial concentration for both phenol and cyanide indi-
cated in Tables 4 and 5, respectively. f, is an effective
coefficient, which replicates the influence of mass
transfer in aqueous phase and axial dispersion. This
model detected that at lesser bed depth or at high
flow rates through the column, the axial diffusion is
insignificant as a result, §, is equivalent to f,, the
external mass transfer coefficient. With increasing flow
rate, the value of B, found increased, subsequently
increased turbulence decreases the film boundary
layer nearby the adsorbent particle [39]. Predicted and
experimental breakthrough curves with respect to flow
rate, bed height, and initial phenol and cyanide con-
centration are shown in Figs. 4, 5, and 6, respectively.
It is clear from tables and figures that there is a better
contract between the experimental and calculated
values.

Essentially, the packed bed column behaviors can
be evaluated and assumed for advance design
consequences and enhancement works over the mod-
els realistic in this current study. The models used in
this study were appropriate for adsorption. The
Thomas model offers evidence about the mass transfer
between the phenol and cyanide solution and the
MRH, which designate the driving force under differ-
ent parameters. The Adam-Bohart model is often used
to calculate the adsorption capacity of the adsorbent.
The data provided for this model can be used to sup-
ply evidence for a large-scale wastewater treatment
system [44]. Though, this model requires extra param-
eters and calculation to obtain the modeling data. The
model often defines the adsorption that happens with
surface reaction, the available adsorption place, and
the initial part of the breakthrough [45]. The benefit of
applying the Yoon-Nelson model is that it provides
the information about the 50% column breakthrough
and the mathematical application is very direct, which
permits the exhaustion period of the column to be
forecast without a long period for experimental time.
This model required the minimum parameters and
theoretical data calculation. The models used in this
study fitted well for confident column parameters,
whereas some parameters were not well signified by
the models this is due to fact that the mass transfer
resistance occurred and also the joined removal
mechanisms involved [45].

3.4. Regeneration capacity of MRH

For the adsorption process to be feasible, effectual
regeneration of the MRH packed bed is essential.
Reusability of an adsorbent can be determined by
equating the adsorption presentation of regenerated
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Table 4
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Parameters evaluated by the Yoon-Nelson and Wolborska model at different flow rates, bed depth, and initial

concentrations of phenol

Q@mL/h) M<(g) H(m) Ci(mg/L)  kyn (min™") r(min)  R? ARE B, (h™ R? ARE
440 1,250 93.1 500 0.0594 61.98 097  0.03 222.08 082 017
220 1,250 93.1 500 0.0510 93.92 089 120 151.76 096 0.5
146.6 1,250 93.1 500 0.0488 98.16 082 130 111.04 095  0.07
440 246 18 500 0.0472 30.99 0.85  0.04 638.18 058  0.14
440 492 36 500 0.0493 46.89 092  0.03 422.35 068  0.18
440 738 54 500 0.0539 51.88 095  0.01 306.11 075 016
440 984 72 500 0.0576 59.32 097  0.01 276.03 079 079
440 1,250 93.1 500 0.0594 61.98 097  0.03 222.08 082 017
440 1,250 93.1 100 0.0416 106.16 0.81 0.46 327.89 097  0.04
440 1,250 93.1 300 0.0475 84.25 093  0.08 281.74 090  0.13
440 1,250 93.1 500 0.0594 61.98 097  0.03 222.08 082 017
Table 5

Parameters evaluated by the Yoon-Nelson and Wolborska model at different flow rates, bed depth, and initial

concentrations of cyanide

Q@mL/h)  M(g H(m) C(mg/L)  kyn(@min™)  ¢(min) R? ARE g, (H R? ARE
440 1,250 93 50 0.0694 75.70 0.95 0.49 337.39 0.88 0.30
220 1,250 93 50 0.0472 90.40 0.96 0.08 152.37 0.96 0.04
146.6 1,250 93 50 0.0453 97.88 0.89 0.23 106.78 0.98 0.02
440 246 18 50 0.0417 23.05 0.73 0.09 714.82 0.42 0.39
440 492 36 50 0.0505 44.53 0.84 0.08 490.29 0.57 0.49
440 738 54 50 0.0674 57.00 0.98 0.03 406.56 0.68 0.53
440 984 72 50 0.0680 69.68 0.97 0.10 387.95 0.83 0.37
440 1,250 93 50 0.0694 75.70 0.95 0.49 337.39 0.88 0.30
440 1,250 93 10 0.0422 113.40 0.93 0.23 379.43 0.97 0.05
440 1,250 93 30 0.0569 87.63 0.93 0.51 339.70 0.96 0.06
440 1,250 93 50 0.0694 75.70 0.95 0.49 337.39 0.88 0.30
Table 6
Performance of MRH packed bed column during six cycles of phenol and cyanide sorption and desorption
Cycles Phenol Cyanide

Sorption (mg/g) Desorption (mg/g) Sorption (mg/g) Desorption (mg/g)
1 10.12 9.8 1.50 1.30
2 9.98 8.9 1.40 1.20
3 9.91 8.7 1.20 0.96
4 9.90 7.7 1.10 0.87
5 8.7 6.6 1.00 0.78
6 6.9 5.1 0.99 0.70

adsorbent with the original adsorbent. The column
adsorption performance was carried out for six sorp-
tion/desorption cycles using 0.1 N HCl as an eluting
agent through the packed bed in the upwards flow
direction at a flow rate 440 mL/h for 2 h. MRH
packed in column of 93.1 cm height and 500 mg/L of
phenol and 50 mg/L of cyanide initial concentration

tested for sorption/desorption cycles. Percent desorp-
tion of adsorbed phenol and cyanide were approxi-
mately >85% after three cycles [46]. The amount of
phenol and cyanide adsorbed by the packed column
gradually decreased with the cycle progress (Table 6).
The loss of regeneration capacity is owing to trouble
in retrieving binding sites as the cycles progress [47].
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4. Conclusions

The operation of the continuous packed bed
reactor was investigated in this present work for the
treatment of high strength wastewater, in order to
estimate phenol and cyanide elimination capability.
This study indicated that the MRH prepared from
rice husk was promising for removing phenol and
cyanide from wastewater in continuous packed bed
reactor. FTIR and SEM have been applied to
examine the characterization of MRH before and
after adsorption. The elimination of phenol and
cyanide from binary aqueous solution was con-
ducted in a continuous packed bed column system
with varying the bed height, flow rate, and initial
concentration. The change in bed length significantly
affected the packed bed column performance by
slowing the exhaustion time and enhanced the
column performance. The percentage removal of
phenol and cyanide were significantly increased with
the increase in bed height or adsorbent dosage.
Though, the increases in initial concentration and
flow rate of phenol and cyanide have a tendency to
speed up the exhaustion of the packed bed column.
Comparison of breakthrough curves acquired from
modeling and experimental work demonstrated a
very worthy agreement between them. Thomas,
Adams-Bohart, Yoon—Nelson, and Wolborska models
effectively predicted breakthrough curves attained
under varying experimental conditions. Thomas and
Yoon Nelson model indicated good agreement for
phenol. The Yoon Nelson model valued the 50%
breakthrough curve and provided the evaluation
breakthrough time for packed bed column. The
Adam-Bohart model evaluated the packed column
and experimental data, which forecast the capacity
of the packed bed column systems. Adams-Bohart
and Wolborska models were fitted to the initial part
of breakthrough curves of phenol and cyanide
representing adsorption under numerous experimen-
tal conditions. The MRH adsorbent indicated good
reusability throughout numerous adsorption/desorp-
tion cycles. The results from MRH bioassays were
predominantly encouraging for the wuse of the
continuous process as an efficient treatment
technique high strength toxic wastewaters. Therefore,
the application of the adsorption mathematical
models in packed bed column study is vital to offer
further explanation of the packed column perfor-
mance. The packed column parameters indicated the
major impacts in the packed bed column perfor-
mance to the effective removal of the phenol and
cyanide.
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