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ABSTRACT

The packed-bed performance of biomass ashes (BMA), namely rice husk ash (RHA) and
bagasse fly ash (BFA), was investigated for adsorptive removal of diuron (herbicide)
under dynamic conditions. The effects of influent concentration (10-30 mg/L), flow rate
(1-3 mL/min), and bed height (3-11 cm) were studied at 30°C and results were analyzed
using various packed-bed models. The saturation time and capacity of the BFA bed were
found to be approximately 1.5 and 1.6 times higher due to higher BET surface area than
that of RHA bed. However, the bed utilization of RHA was higher because of smaller mass
transfer zone. At a constant influent concentration (20 mg/L) and flow rate (1 mL/min), the
maximum volume of diuron treated was 1,325 and 1,685 mL using RHA (bed height 10 cm)
and BFA (bed height 11 cm), respectively. Among the packed-bed models applied, the BDST
model revealed the inconsistent MTZ and complex mechanism involving more than one
rate-controlling step for the adsorption of diuron on both ashes. The kinetics in the initial
part of the breakthrough curve was governed by external mass transfer according to the
Bohart-Adams and Wolborska models. Better agreements between experimental and
predicted values of bed capacities for each ash and the higher bed capacity of BFA than
RHA were demonstrated by the Thomas model. The Yoon-Nelson model was found to be
superior for BFA rather than for RHA to estimate 50% saturation time. However, the deacti-
vation kinetic model, previously discovered and applied only for gas—solid adsorption, was
found to be the best for the diuron-BMA (liquid—solid) adsorption system in this study.
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1. Introduction

Diuron [3-(3,4-(dichlorophenyl)-1,1 dimethylurea)]
is a nonselective pre- and post-emergent urea herbi-
cide, and is applied globally to control the growth of

*Corresponding author.

broadleaf and grassy weeds in both agricultural and
nonagricultural sites [1,2]. However, large amounts of
the herbicide sprayed on the field accidentally leaches
into soil and eventually into the soil ecosystem, where
it either degrades or remains in its original form for a
longer period [3,4]. Diuron has a mean half-life of
about 330 d in soil [5]. It has high chemical stability
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together with high leaching potential. Its presence is
detected in both surface water and ground water in dif-
ferent zones worldwide [6]. According to a European
Union regulation, the maximum permissible concentra-
tion of an herbicide in drinking water is 0.1 pg/L [7].
Several techniques which have been proposed to allevi-
ate the environmental risk of leached herbicides, such
as diuron are adsorption, biological methods, advanced
oxidation processes, and hydrodechlorination [8].
Adsorption, one of the most widely used and estab-
lished methods for pollutant removal from water [9], is
effectively implemented for batch removal of diuron
using potent adsorbents such as activated carbon, poly-
mers, carbon nanotubes, soils, and clays [6-8,10-13].
However, the performance of these adsorbents for con-
tinuous removal of diuron in packed bed has not yet
been evaluated. Continuous adsorption in packed-bed
column is commercially worth evaluating because the
constant contact between the adsorbate and the adsor-
bent allows for efficient utilization of the adsorbent,
thus producing better quality effluent [14,15].

In a previous work [16], we studied the behavior
of low-cost, easily available biomass ashes (BMAs),
especially rice husk ash (RHA) and bagasse fly ash
(BFA) for batch adsorption of diuron. It was observed
that BFA has higher adsorption potential due to its
higher surface area and greater carbon content than
RHA. We also found increased adsorption of diuron
on bigger particles of BMA (RHA and BFA) due to
greater carbon-to-silica ratio and surface area. The
adsorption capacity (m?/g) of BMA was found to be
comparable with that of activated carbon/fiber and
greater than that of soils, wheat carbon, clay minerals,
and nanotubes. Although our batch adsorption experi-
ment suggested that BMA is both cost-effective and
efficient, its performance needs to be evaluated for
continuous process.

In this work, we have investigated and compared
the packed-bed parameters of RHA and BFA for contin-
uous removal of diuron using the packed-bed column
technique. The effects of influent concentration, flow
rate, and bed height on adsorption are studied and the
results are analyzed for various packed-bed models. In
addition to the conventional packed-bed model, the
deactivation kinetic model, which was originally devel-
oped for gas-solid adsorption system, was applied for
diuron-BMA (liquid-solid) adsorption.

2. Materials and methods
2.1. Adsorbents

RHA was obtained from M/s Yash Agro Ltd,
Nagpur (India) and BFA from M/s Wainganga Sugar
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and Power Ltd. Bhandara (India). Rice husk and
bagasse were used as solid fuels to fire the boilers in
these industries. Proximate analysis of each ash was
performed according to an Indian Standard method
for testing coal and coke samples [17]. The surface
area, pore diameter, and volume were measured using
the BET surface area analyzer (ASAP 2010; Micromerit-
ics, Germany). The chemical composition of both ashes
was investigated using XRF analysis (PW 2403;
PANalytical, Netherlands). The percentage of carbon,
hydrogen, nitrogen, and sulfur in BMA were deter-
mined with the CHNS technique using an elemental
analyzer (vario MACRO Cube; Elementar, Germany).

2.2. Adsorbate

The adsorbate diuron (98%) was purchased from
Sigma Aldrich and used without any treatment. The
chemical formula and molecular weight of diuron are
CoH;0CLLN>O and 233 (g/mol), respectively. The stock
solution of diuron was prepared in deionized water
and the solution was diluted successively for different
experimental runs.

2.3. Experimental method
2.3.1. Packed-bed adsorption study

A glass column of 0.9 cm internal diameter and
30 cm height was fabricated for continuous removal of
diuron in packed bed. The glass column had four
alternate openings at different positions from the bot-
tom to collect the effluent. According to the desired
height of the bed, the adsorbent (g) was packed
between two supporting layers of glass wool. The
glass wool was used to avoid the loss of adsorbent
during the flow of effluent. The deionized (about
50 mL) water was pumped upward through the bed
using a peristaltic pump (PP201 V; Electro Lab, India),
and this allowed to remove entrapped air in the
adsorbent bed. Prior to diuron adsorption, the column
was kept inactive overnight. The constant influent rate
of diuron solution was maintained by mounting a
rotameter between the pump and the column. The
samples were collected from the outlet periodically
and the effluent concentration (C;, mg/L) was mea-
sured on a UV-vis spectrophotometer (Model UV
1800; Shimadzu, Japan) at 248 nm. The column experi-
ments were performed at a constant temperature (30
+2°C) and pH (6.5) for different influent concentra-
tions (Cp), flow rates (Q), and bed heights (Z),
according to the experimental conditions presented in
Table 1. Average value of duplicate experiments
was reported. Results were plotted in the form
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Table 1
Experimental conditions
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Influent concentration

Co (mg/L) Flow rate Q (mL/min) Bed height Z (cm)
Expt. no.

RHA BFA RHA BFA RHA BFA
E1l 10 10 1 1 6 7.5
E2 20 20 1 1 6 7.5
E3 30 30 1 1 6 7.5
E4 20 20 1 1 6 7.5
E5 20 20 2 2 6 7.5
E6 20 20 3 3 6 7.5
E7 20 20 1 1 3 4
E8 20 20 1 1 6 7.5
E9 20 20 1 1 10 11

breakthrough (BT) curves (C;/Cy vs. time) for each
experiment. The breakthrough (t, or tp;) and
saturation (f;) points were assumed at C;/Cy=0.10
and C;/Cy = 0.97 on BT curves, respectively.

2.4. Determination of packed-bed parameter

The dynamics of column are usually studied by
evaluating the column parameters for different condi-
tions. The column parameters that directly decide the
feasibility and economics of adsorption are the bed
capacity at breakthrough time and at saturation time,
length of the mass transfer zone (MTZ), fractional bed
utilization (FBU), and percentage of removal. The
capacity at breakthrough point (4, mg/g) and capacity
at saturation (gs mg/g) point were calculated as
follows [15]:

CoQ Ci
Jo = 7 (1 — CO) dt (1)
CoQ P C
_ G0 _ G
4= / (1 CO> dt )
0

where m (g) is the mass of adsorbent. The percentage
removal was determined from the quantity (mg) of
diuron added and adsorbed in column. The length of
bed used for adsorption is known as the “mass trans-
fer zone” (MTZ; cm) [15], which was obtained using
Eq. (3):

MTZ = Z (1 . q—b) )

S

The bed at the start of MTZ is 100% saturated; at this
point, the adsorbate concentration is equal to the influ-
ent concentration. By contrast, the bed at the end of
MTZ is 0% saturated; at this point, the adsorbate con-
centration is zero. The MTZ is useful for determining
the FBU. The empty bed contact time (EBCT) also
called “residence time,” influences the volume of
adsorbate treated and nature of BT curve. The EBCT
(min) and adsorbent usage rate, U, (g/mL), were cal-
culated using Egs. (4) and (5), respectively [18]:

Ve AcZ
EBCT=—=—— 4)
Q Q
~m __ Vcp
t: = Vi VeNp ®)

where V¢ (m®) is the volume of adsorbent in bed, Ac
(m?) is the cross-sectional area of column, V4, (m®) is the
volume of solution treated at breakthrough, p (g/ cm®)
is the apparent density of adsorbent, and N, is the
number of bed volumes of solution to breakthrough.

3. Results and discussion
3.1. Characterization of BMA

Results of proximate analysis indicated the follow-
ing composition: 1.80% moisture, 6.16% volatile mat-
ter, 89.87% ash, and 2.14% fixed carbon in RHA; and
6.30% moisture, 42.46% volatile matter, 40.16% ash,
and 11.10% fixed carbon in BFA. The carbon percent-
age determined using CHNS analysis of RHA and
BFA was 5.85 and 47.37, respectively, whereas the
silica content investigated by XRF analysis was 81.78
and 36.14%, respectively. In addition, RHA/BFA
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contains  4.08/1.10% ALO;, 1.87/232% KO,
1.27/1.62% Fe;Os5, 1.27/3.10% CaO, 0.50/1.86% MgO,
0.19/1.20% NayO, 0.78/3.05% P,0s, 0.12/1.15% MnO,
0.40/1.22% TiO,, 0.008/0.12% CuO, respectively. The
composition of BMA depends on combustion tech-
niques (moving grate, fluidized bed, and suspension/
entrained combustion chamber), geographical location
of cultivation of crops and process conditions (effi-
ciency). The metal oxides develop charges on ash sur-
face depending on solution pH when the ash is added
to the aqueous solution. This enables faster adsorption
of ionic species on the BMA surface. The BET sur-
face area of RHA and BFA was found to be 34 and
52 m?/g, indicating the dominant proportion of carbon
over silica in providing higher surface area for BFA.
The density of RHA having an average particle size of
144 pm was found to be 258 kg/ m®, whereas that of
BFA having an average particle size of 118 um was
found to be 212 kg/m>. The micropore area of RHA
was 6 m”/g, whereas that of BFA was 14 m*/g. The
external surface area was determined using the BET
surface area and micropore area and was found to be
28 and 38 m*/g for RHA and BFA, respectively. The
pore volume and pore diameter of RHA and BFA
were 2.69 x 10 and 4.96 x 102 cm®/g and 81 and
46 A, respectively. The measurement of pore volume
and pore diameter indicates the presence of shallower
pores on the RHA surface and deeper pores on the
BFA surface. This can be verified from scanning elec-
tron micrographs (SEMs) of RHA and BFA. The SEM
images presented in Fig. 1 reveal the shallower and
bigger diameter pores on the RHA surface, and deeper
and smaller diameter pores on the BFA surface. The
interconnected and elongated pores in BFA and rep-
tured pores in RHA can also be observed in these fig-
ures. The BFA surface looks more porous than RHA.
The FTIR spectra of RHA and BFA before and after
adsorption of diuron are shown in Fig. 2. In the
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Fig. 2. FTIR spectra of blank BFA (a), BFA after adsorption
of diuron (b), blank RHA (c) and RHA after adsorption of
diuron (d).

spectra of blank RHA and BFA (i.e. before adsorp-
tion), the band at 1,667-2,000 (cm™) indicates the
weak combinations and overtone absorption. The
peaks in this region may be attributed to the mono- to
hexasubstitution of aromatic ring [19]. The bands
between 1,360 and 1,380 (cm™) are ascribed to the aro-
matic C-H and carboxyl-carbonate structures [19].
The peaks at 1,103 and 795 (cm™) in BFA and at 1,094
and 799 (cm™) in RHA are due to asymmetric and
symmetric stretching vibrations of Si-O-5i, respec-
tively [20,21]. The stretching vibrations of Si-O at 688
(cm™) may be characterisitic of quartz in BFA [22].
The peak at 469 (cm™) in RHA may be due to the
presence of Si-H bond; the asymmetric stretching of
internal tetrahedral SiO, group in BFA is indicated by
a band at 1,250 (cm™) [19]. After adsorption of diuron,
the new peaks at 1,650 cm™ (Fig. 2, spectrum b) in
BFA and at 1,655 (cm™) (Fig. 2, spectrum d) in RHA

Fig. 1. SEMs of (a) RHA and (b) BFA.
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appeared. These could be attributed to the presence of
C=0 in diuron [23]. A weak stretching of the C-C
bond in diuron is indicated by a weak peak at 1,584
(em™) in RHA spectra after adsorption of diuron [23].
In addition, the shifting of the peaks after adsorption
of diuron can be observed in both RHA and BFA
spectra.

3.2. Packed-bed parameters

The packed-bed parameters in Table 2 for RHA
and BFA show that EBCT is inversely proportional to
flow rate and directly proportional to bed height at a
constant adsorbent dosage and flow rate, respectively.
The adsorbent usage rate, that is, the mass of adsor-
bent saturated/volume of solution treated, is reduced
with increase in EBCT. The bed capacities (g, and g)
of BFA are greater than that of RHA. In Table 2, it can
be observed that the difference between g, and g5 of
each experiment for BFA is greater than that for RHA.
This indicates the presence of more number of unoc-
cupied adsorption sites after breakthrough in BFA.
The exhaustion of BFA bed was slow, compared with
RHA. Therefore, the volume (V,) of diuron solution
treated using BFA was larger. In Table 2, the incre-
ment in MTZ indicates the decrease in FBU. The
length of MTZ is more in BFA than in RHA, whereas
the FBU is more in RHA than in BFA, Thus, it can be
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suggested that higher the length of MTZ, lesser the
utilization of adsorbent bed. The percentage removal
of diuron on RHA and BFA is nearly same. It can be
observed that the saturation time of BFA bed is
approximately 1.5 times higher than that of RHA bed
and the capacity at saturation of BFA is about 1.6
times greater than that of RHA under the experimen-
tal conditions studied.

In a previous study [16], the batch adsorption
capacities of RHA and BFA were observed to be 2.3
and 9.8 (mg/g), respectively. In this study, the
packed-bed adsorption capacities of RHA and BFA
were 4.13 and 6.77 (mg/g), respectively. The packed-
bed capacity of RHA is higher than that in batch,
whereas it is the reverse for BFA. This may be due to
the dominating effect of concentration gradient at the
solid-liquid interface in the RHA-diuron system. The
interaction time between BFA and diuron in packed
bed may be insufficient, thus resulting in the early dis-
charge of diuron molecules. As a result, the bed
capacity is reduced.

3.3. Effect of process parameters
3.3.1. Effect of influent concentration

The influent concentration is changed, according to
the experimental conditions in Table 2, at constant

Table 2

Comparison of packed-bed parameters of RHA and BFA for diuron adsorption under different conditions

C Q Z EBCT 4, ts Ve Np U, s gs MTZ FBU  Removal %
RHA

10 1 6 3.82 36543  870.45 870.45 4703 0005 156 283 2.69 0.55 65.04
20 1 6 3.82 180.50  619.63 619.63 2326 0011 178 349 294 0.51 56.37
30 1 6 3.82 110.08  492.58 492.58 1424 0.018 198 413 312 0.48 50.17
20 1 6 3.82 180.50  619.63 619.63 2326 0011 178 349 294 0.51 56.37
20 2 6 1.91 71.55 395.67 791.35 1844 0.014 140 3.02 322 0.46 38.11
20 3 6 1.27 30.56 234.66 703.97 11.81 0.022 09 287 413 0.31 40.27
20 1 3 1.91 88.01 346.55 346.55 21.39 0012 142 312 1.63 0.46 4497
20 1 6 3.82 180.50  619.63 619.63 2326 0011 178 349 294 0.51 56.37
20 1 10 6.36 42745  1,32457  1,32457 3147 0.008 242 392 3.83 0.62 51.77
BFA

10 1 7.5 477 45298  1,305.87 1,305.87 5836 0.004 221 425 3.60 0.52 65.05
20 1 7.5 477 27150  1,055.64 1,055.64 3498 0007 272 567 390 0.48 53.74
30 1 7.5 477 207.10  935.47 935.47 2668 0.010 3.02 677 415 0.45 48.24
20 1 7.5 477 27150  1,055.64 1,055.64 3498 0.007 272 5.67 3.90 0.48 53.74
20 2 7.5 2.38 11558  520.73 1,04147 2978 0.009 240 531 411 0.45 50.03
20 3 7.5 1.59 57.79 285.07 855.22 2234 0012 194 492 455 0.39 44.58
20 1 4.0 2.54 114.47  391.93 391.93 2950 0.009 225 457 2.03 0.49 58.30
20 1 7.5 4.77 27150  1,055.64 1,055.64 3498 0.007 271 567 392 0.48 53.74
20 1 11.0  6.99 51091 1,68548 1,68548 43.89 0.006 343 6.04 476 0.57  53.77
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flow rate and bed height for RHA and BFA. The
results obtained, which are illustrated in the form of
BT curves in Fig. 3, indicate the early saturation of
each BMA, as only limited adsorption sites are avail-
able for higher influent concentration. This leads to a
reduction in breakthrough and saturation times
(Table 2), thus, resulting in steeper BT curves at
higher influent concentration. Besides, the activation
energy at higher concentration is enhanced due to sur-
face coverage of RHA and BFA, which makes further
adsorption difficult [18]. However, the gradient at
higher influent concentration offers a greater driving
force for mass transfer, and consequently the bed
capacities (g, and g;) are improved at higher concen-
trations. The capacity at breakthrough is enhanced by
about 1.3 times, whereas capacity at saturation point
is enhanced by about 1.5 times (Table 2) for each ash
when the influent concentration is increased by 3
times. The slow approach of BT curves (i.e. tailing)
during the column saturation stage is ascribed to the
control of intraparticle diffusion over the mass transfer
process [24]. The growth in MTZ is higher for the BFA
bed due to increased bed capacity than for RHA. The
usage rate of BFA (U,) per milliliter of diuron solution
is enhanced by 2.5 times, whereas that of RHA is
enhanced by 3.6 times when the influent concentration
is augmented by 3 times. Compared with RHA, the
BFA usage rate is less due to the higher surface area
(i.e. adsorption sites).

3.3.2. Effect of flow rate

The effect of flow rate on adsorption of diuron
was studied at a constant influent concentration and
bed height by varying the flow rate (Table 1). The
increase in flow rate from 1 to 3 (mL/min)

(a)

1.04

0.8 4

—.— D mg/l
—0—20 mg/L.
—d— 30 mp/L.

0 200 400 600 800 1000
Time (min)
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corresponds to the residence time of diuron from 3.82
to 1.27 (min) with RHA and from 4.77 to 1.59 (min)
with BFA. It seems that the reduction in residence
time at a higher flow rate adversely affected the
breakthrough and saturation times as well as the bed
capacities and percentage removal (Table 2). The
diminution in capacity (g, or gs) and percentage
removal for higher flow rate is attributed to insuffi-
cient contact time, resulting in early discharge of
diuron molecules from the BMA bed before the equi-
librium point is achieved. Similar results have been
previously reported by Sadaf et al. [25] in packed-bed
adsorption of dye. In comparison with BFA, the
decrease in breakthrough and saturation times is
more for RHA owing to lower EBCT. The lower flow
rate offers adequate time for diuron molecules to pen-
etrate into BMA pores, resulting in extended BT
curves as shown in Fig. 4. From Table 2, it can be
understood that the saturation of BFA bed is 1.7
times slower than that of RHA at 1 (mL/min) flow
rate. The length of MTZ is increased but FBU is
decreased due to increased mass transfer with flow
rate. Han et al. reported the similar change in length
of MTZ with respect to variable flow rate [24].

3.3.3. Effect of bed height

Fig. 5 shows the BT curves for adsorption of
diuron on RHA and BFA at different bed heights for
20 (mg/L) influent concentration and 1 (mL/min) flow
rate. As the bed height (i.e. adsorbent loading) is
increased, the surface area, and therefore, the adsorp-
tion sites are also increased. Hence, the bed capacities
(Table 2) of RHA and BFA are enhanced for higher
bed height. Moreover, the BT curves are significantly
extended as a result of greater saturation and

(b)
1.0 4
0.8+
0.6 4
9:
o
0.4 4
—e— [0mg/l.
0.2 4 —O0— 20 mg/l.
—h— 30 mp/l.
0.0+

0 200 400 600 800 1000 1200 1400
Time (min)

Fig. 3. Breakthrough curves for diuron removal in packed bed of (a) RHA (Q =1mL/min, Z=6cm) and (b) BFA
(Q=1mL/min, Z =7.5 cm) at different influent concentrations.
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Fig. 4. Breakthrough curves for diuron removal in packed bed of (a) RHA (Cp;=20mg/L, Z=6cm) and (b) BFA

(Co=20mg/L, Z =75 cm) at different flow rates.

oje,

0.2+
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T T T T T
0 200 400 600 800 1000 1200 1400

Time (min)

(b)
1.0 4
0.8 4
i 0.6
&
o
0.4
—h—4cm
021 —O—T5cm
—8—1lcm
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Fig. 5. Breakthrough curves for diuron removal in packed bed of (a) RHA (Cy =20 mg/L, Q =1 mL/min) and (b) BFA

(Cop=20mg/L, Q =1 mL/min) at different bed heights.

breakthrough times for both ashes. The increase in the
breakthrough and saturation times could be ascribed
to the longer distance it takes for the MTZ to move
from the entrance of the bed to the exit when the bed
height is increased [26]. The expansion of MTZ, simi-
lar to that in this study, was also reported by Pilli
et al. [27]. The volume of solution treated using BFA
is considerably higher than that using RHA for the
same loading of each ash (1-3 g). However, bed uti-
lization of RHA is more due to smaller MTZ. The
growth in capacity at saturation point of each ash is
nearly 1.3 times for a threefold increase in ash dosage,
but the capacity at breakthrough point is enhanced by
approximately 1.5 times. This indicates the fast uptake
of diuron until breakthrough, which slows down
slightly after breakthrough due to lower concentration
gradient.

3.4. Application of packed-bed models

The few packed-bed models developed for
solid-liquid adsorption systems are bed depth service
time, Bohart-Adams, Wolborska, Thomas, Clark, and
Yoon-Nelson models [14]. In addition to these, the
deactivation kinetic model, which was initially derived
for gas—solid adsorption is also applied in this study
(solid-liquid adsorption).

3.4.1. Application of the Bed Depth Service Time model

The BDST model, Eq. (6), is based on the assump-
tion that the adsorption is controlled by surface reaction
between adsorbate and unused capacity of adsorbent
[28]. The model considers the negligible intraparticle
diffusion and external mass transfer resistance.
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No 1 (Co )
t=——7————In|—-1 6)
Coly CoKep \Ci

where U, (cm/min) is a linear flow velocity. Here, the
model is applied for 10, 50, and 90% BT at variable
bed height and at constant concentration and flow
rate. The BDST model (t vs. Z) is shown in Fig. 6 for
packed-bed adsorption of diuron on RHA and BFA.
The adsorption capacity, Ny (mg/L), is calculated
from slope and found to be 1,473, 1,981, and 3,052 for
RHA, and 1,781, 3,012, and 4,992 for BFA at 10, 50,
and 90% BT, respectively. The bed capacity (90% BT)
of BFA predicted by the BDST model is about 1.5-fold
greater than that of RHA. The rate constant, Kpp
(L/(mg min)), determined from intercept is 1.5 x 107
for RHA and 8.9 x 107 for BFA at 10% BT of column.
The values of coefficient of determination (R*) shown
in Fig. 6 are close to one indicating the fitting of the
BDST model for experimental data obtained for both
ashes. However, R* values for 90% BT are slightly les-
ser than for 10 and 50% BT. This is due to the intra-
particle diffusion in the final stage of bed saturation,
leading to uneven variation in 90% BT with change in
bed height. The linear lines in Fig. 6 for 10, 50, and
90% BT are not parallel, which is indicative of differ-
ent lengths of MTZ. Therefore, it can be suggested that
the MTZ does not move with constant velocity during
packed-bed adsorption of diuron on RHA and BFA.
This is because the bed height is not enough to have a
fully developed profile, which is called a “constant
pattern behavior” [26]. Ideally, the linear line corre-
sponding to 50% BT should pass through the origin;
but in present investigation, the 50% BT lines for RHA
and BFA were intercepting the Y-axis. Therefore,
according to the BDST model, adsorption of diuron on
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each ash is governed by a complex mechanism
involving more than one rate-controlling step [18].

3.4.2. Application of the Bohart—Adams and Wolborska
models

The Bohart-Adams and Wolborska models are pre-
viously applied to investigate the behavior of column
in the initial part of BT curve [29]. Therefore, in this
study, these models were considered for the data in
the range between 0% and 60% BT (i.e. C;/Cy = 0-0.6).
The linear forms of Bohart-Adams and Wolborska
models are given by the Eqs. (7) and (8), respectively.
The BT curves predicted by these models are
compared with experimental curves in Figs. 7a and 7b
for adsorption of diuron on RHA and BFA,
respectively.

C z
In <c;> = KagCot — KagNop (Uo) @)
C pCy, Pz
In—t =P=0y _P%
e T No L Uy ®

where Kag (L/(mg min)) and g (min™") are the kinetic
constants for the Bohart—-Adams and Wolborska mod-
els, respectively, and Ny (mg/L) is the adsorption
capacity. The values of kinetic constants and adsorp-
tion capacity for RHA and BFA are given in Table 3a.
Diuron adsorption capacities—N, (mg/L) for the
Bohart-Adams model and Qw (mg/g) (=Ny/density
of BMA) for the Wolborskamodel—are directly pro-
portional to concentration and bed height, and are
inversely proportional to flow rate. The gradient at

(b)
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= 800+
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Fig. 6. Bed Depth Service Time model for adsorption of diuron on (a) RHA and (b) BFA at different bed heights

(Co=20mg/L, Q =1 mL/min).
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Fig. 7b. Comparison between experimental and predicted breakthrough curves for packed bed adsorption of diuron on
BFA using Bohart-Adams and Wolborska models () Q=1mL/min, Z=75cm; (II) Co=20mg/L, Z=7.5cm; (III)

Cp=20mg/L, Q =1 mL/min.

higher concentration and surface area for larger bed
height are responsible for higher capacity. The higher
flow rate causes insufficient residence time for diffu-
sion; therefore, both Ny and Qw decrease with flow
rate. The deviation between experimental and pre-
dicted values of (C;/Cy) was calculated using
Marquardt’s percent standard deviation (MPSD) and
that of between experimental and predicted #, using
percentage deviation (€) [18,30]. The MPSD values in
Table 3a are comparatively smaller for adsorption on
BFA than for adsorption on RHA, which indicates the
better fitting of the Bohart-Adams and Wolborska
models for adsorption of diuron on BFA. Because the
Bohart-Adams model is based on the control of
external mass transfer on adsorption rate, the fitting of
this model for the diuron-BMA system indicates that
the overall system kinetics is dominated by external
mass transfer in the initial part of adsorption in the
column [31].

3.4.3. Application of Thomas models

The Thomas model is used for the data in a range
of 0.01 < (C;/Cp) <0.97 to determine maximum solid-
phase concentration of diuron and adsorption rate on
RHA and BFA. The linear form of the Thomas model
is expressed by Eq. (9):

C() Kqum
In (a — 1> = T — KTCOt (9)
The values of adsorption capacity g0 (mg/g) and
kinetic constant Kr [L/(mgmin)] presented in
Table 3a are the function of concentration, flow rate,
and bed height. Chen et al. has previously reported
similar changes in Thomas model capacity and kinetic
constant with variation in concentration, flow rate,
and bed height [31]. It is due to the driving force cre-
ated by concentration difference. The MPSD values for
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the Thomas model in Table 3a for RHA and BFA indi-
cate better agreement between experimental and pre-
dicted (C;/Cyp) values; therefore, the experimental BT
curves and the corresponding predicted BT curves
obtained for each adsorbent in Figs. 8a and 8b are
similar. The adsorption capacity of BFA predicted by
the Thomas model is appreciably higher than that of
RHA; however, the predicted capacity of each ash is
very close to its corresponding experimental capacity
(gs, Table 2). The fitting of the Thomas model for
adsorption of diuron on BMA implies that external
and internal diffusions are not the only rate-limiting
steps [29].

3.4.4. Application of the Yoon—Nelson model

The Yoon-Nelson model is simpler than the previ-
ous models and does not involve detailed data con-
cerning the type and properties of adsorbent, and
properties of the bed [14]. The model is useful to
determine the time (fy5) necessary for 50% saturation
of column. In this study, the Yoon-Nelson model

S.K. Deokar et al. | Desalination and Water Treatment 57 (2016) 28831-28846

presented by Eq. (10) is applied for the 0.01 < (C;/Cp)
< 0.97 range and the model parameters are calculated
from slope and intercept:

In G
Co — C;

The kinetic constant (Kyn, min~!) and predicted tos
(min) of the Yoon-Nelson model for diuron adsorp-
tion on BMA are listed in Table 3b. The kinetic con-
stant, Kyn, is increased due to driving force for mass
transfer with increase in influent concentration and
flow rate. A longer path that the diuron molecules tra-
vel through the bed of higher height is the reason for
reduction of kinetic constant at higher bed height [32].
The BT curves predicted by the Yoon-Nelson model
are compared with experimental curves in Figs. 9a
and 9b for diuron adsorption on RHA and BFA,
respectively. Figs. 9a and 9b indicate that the fitting of
the Yoon-Nelson model is more appropriate for the
diuron-BFA adsorption system than for the diuron—
RHA adsorption system. This observation can be

) = Kynt — to5Kyn (10)
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Fig. 8a. Comparison between experimental and predicted breakthrough curves for packed bed adsorption of diuron on
RHA using Thomas model (I) Q =1 mL/min, Z =6 cm; (II) Cp =20 mg/L, Z = 6 cm; (III) Cp = 20 mg/L, Q =1 mL/min.
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Fig. 8b. Comparison between experimental and predicted breakthrough curves for packed bed adsorption of diuron on
BFA using Thomas model (I) Q =1 mL/min, Z = 7.5 cm; (I) Cy = 20 mg/L, Z = 7.5 cm; (III) Cp =20 mg/L, Q = 1 mL/min.
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verified from the lower values of deviations (MPSD,
€) for BFA in Table 3b. Therefore, the predicted time
for 50% saturation is in close accordance with the
experimental time for adsorption of diuron on BFA.

3.4.5. Application of the Clark model

The Clark model is based on mass transfer coeffi-
cient and Freundlich isotherm; it is given by Eq. (11):

()

The parameters, r (min!) and A for the values of
(C;/Cp) between 0.01 and 0.97 are investigated from
slope and intercept and using Freundlich isotherm con-
stant (n = 4.4 for RHA and 4.3 for BFA, batch study)
[16]. The constants (A and r) of the Clark model for
RHA and BFA are listed in Table 3b. The values of

—rt+InA 1mn

28843

MPSD and € in Table 3b for the Clark model are large,
reflecting no resemblance between experimental and
predicted values. This informs the inadequacy of the
Clark model for packed-bed adsorption of diuron on
BMA. The Clark model is based on the ideal plug flow
situation together with constant velocity of MTZ [33].
However, in this study, MTZ does not move with con-
stant velocity, as described by the BDST model.

3.4.6. Application of deactivation kinetic model

The deactivation kinetic model [34] was initially
discovered for gas—solid (packed bed) adsorption. This
model is based on isothermal, pseudo-steady-state con-
ditions and assumes negligible axial dispersion and
mass transfer resistance. In addition, the model consid-
ers one active term to represent the combined effect of
factors such as pore structure, active surface area, and
activity per unit area of solid. The mathematical equa-
tion of the deactivation kinetic model is as follows:

Time (min)
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Fig. 9a. Comparison between experimental and predicted breakthrough curves for packed bed adsorption of diuron

on RHA using Yoon-Nelson model (I) Q =1 mL/min,
Q=1 mL/min.
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Fig. 10b. Comparison between experimental and predicted breakthrough curves for packed bed adsorption of diuron on
BFA using Deactivation kinetic model (I) Q =1 mL/min, Z=75cm; () Co =20 mg/L, Z=7.5cm; (III) C; =20 mg/L,

Q=1 mL/min.

G _
Co

1 — exp(koB[1 — exp(—kat)])

1 — exp(—kqt) 12

exp(—kqt)

where B=m/Q and is termed as “weight-time fac-
tor.” Eq. (12) is considered for complete saturation of
RHA and BFA columns during diuron adsorption.
The initial adsorption rate constant [ky, mL/(g min)]
and deactivation rate constant (kq, min!) are listed in
Table 3b for both ashes. Figs. 10a and 10b indicate the
comparison between predicted and experimental BT
curves at different conditions. Among the models
applied in this study, the deviation values (MPSD, €)
for the deactivation kinetic model are least for both
RHA and BFA. Similarly, the BT curves predicted by
the deactivation kinetic model are identical with
experimental BT curves. Such a close approximation
of BT curves is not observed for other models in this
study. Thus, the deactivation kinetic model can also
be proposed for solid-liquid adsorption. The present
application of the deactivation model shows that the

initial adsorption rate is not much affected by influent
concentration; however, the flow rate and bed height
have a notable influence on adsorption rate due to the
change in weight-time factor. It can be suggested from
the values of kg in Table 3b that the deactivation of
BFA surface occurs slowly when compared with RHA
for all experimental conditions.

4. Conclusions

The packed-bed removal of diuron using BMA is
performed at different experimental conditions such
as influent concentration, flow rate, and bed height.
The packed-bed parameters, namely bed capacity, bed
utilization, adsorbent usage rate, empty bed contact
time, length of MTZ, solution treated, and break-
through and saturation times are considerably influ-
enced by the change in experimental parameters. The
maximum bed capacity of each ash (RHA and BFA)
was achieved at a higher concentration and bed
height, and at a lower flow rate. The bed capacity,
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volume treated, length of MTZ, adsorbent usage rate,
and breakthrough and saturation times are compara-
tively greater for BFA than for RHA. However, bed
utilization of RHA is more due to smaller MTZ.

The BDST model was applicable at 10, 50, and 90%
BT of column and revealed the complex adsorption
mechanism in which more than one step governs the
adsorption of diuron on RHA and BFA. From the
BDST model, the adsorption capacity of BFA was
found to be 4,992 mg/L, whereas that of RHA was
3,052 mg/L. The Bohart-Adams and Wolborska mod-
els were found to be suitable for BFA only to describe
the initial part of BT curves, whereas the Thomas
model was suitable for both ashes and provides a bet-
ter fitting for BT curves in the range between 0.01 and
0.97. According to the deactivation kinetic model, the
BFA surface is slowly deactivated due to higher sur-
face area, compared with RHA. The deactivation
kinetic model is the best to explain the behavior of
both BMA for adsorptive removal of diuron in packed
bed.
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