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a b s t r a c t

Adsorptive removal of paraquat from aqueous solution is performed in continuous mode using 
packed beds of RHA and BFA. The packed-bed parameters of RHA and BFA are determined and 
compared at different influent concentrations, flow rates, and bed heights. The maximum saturation 
capacity of RHA (6.96 mg/g) is found at 2 mL/min (flow rate) and 6.4 cm (bed height), whereas that 
of BFA (20.55 mg/g) is found at 5 mL/m in (flow rate) and 8.8 cm (bed height) for 20 mg/L (concen-
tration). The volume of paraquat solution treated using RHA and BFA for the aforementioned exper-
imental conditions is 2380 mL and 7800 mL, respectively. The bed saturation time and fractional bed 
utilization of BFA are higher than those of RHA. The bed depth service time (BDST), Thomas, and 
Yoon–Nelson models are applied to predict the behavior of breakthrough curves. The BDST model 
reveals the complex mechanism comprising more than one rate-limiting step for the adsorption of 
paraquat on RHA and BFA. The value of effluent concentration predicted by the Thomas model is in 
accordance with the experimental value. The lower value of standard deviation between the experi-
mental and predicted times for 50% saturation indicates the applicability of the Yoon–Nelson model 
for packed-bed adsorption of paraquat on both RHA and BFA.
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1. Introduction

Contamination of surface waters and groundwaters due 
to increasing pollution has become a major ecological con-
cern. Discharge of pesticides from various sources such as 
manufacturing plants, spraying, and accidental spills are 
one of the primary causes of water contamination. Among 
the various agrochemicals used globally, paraquat (N,N’-di-
methyl-4, 4 -bipyridinium dichloride) is widely used as 
an herbicide due to its high water solubility and binding 
potential [1]. Recently, the presence of paraquat in water-
bodies has been reported in different zones of the world [2]. 
Although paraquat is considered safe for many agricultural 

uses, thousands of deaths have occurred after paraquat 
ingestion (in humans often suicidal) or dermal exposure 
[3,4]. Therefore, paraquat removal from water sources is 
considered important.

The processes recommended for aqueous-phase 
removal of paraquat are grouped as destructive method 
(e.g., destructive oxidation) and recuperative method (e.g., 
adsorption) [5]. Compared with other methods, adsorption 
is superior due to its advantages such as easy operation, low 
cost, and higher efficiency for pesticide removal [6]. Adsorp-
tive removal of paraquat from aqueous solution has been 
previously performed using adsorbents such as activated 
bleaching earth, laponite, goethite, waste coffee grounds, 
activated, and regenerated clay minerals [7–13]. Recently, 
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batch adsorption study is used for the removal of metals 
from aqueous solution [14–16]. In all these previous studies, 
the performance of adsorbents has been investigated only 
for batch adsorption. Interestingly, continuous adsorption 
in packed bed is commercially worthwhile because the con-
tinuous contact between adsorbate and adsorbent allows 
for the efficient utilization of the adsorbent, thereby enhanc-
ing the treatment of the adsorbate solution [17].

In this study, rice husk ash (RHA) and bagasse fly ash 
(BFA), which are cheaply and commonly available biomass 
ashes, are used as adsorbents for the continuous removal 
of paraquat in packed column. The aim of the study was to 
evaluate and compare the performance of these two adsor-
bents for different influent concentrations, flow rates, and 
adsorbent loadings (dosages). The packed-bed parame-
ters are determined and experimental results are analyzed 
using packed-bed models such as the bed depth service 
time, Thomas, and Yoon–Nelson models.

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 and Power Ltd. 
Bhandara (India). The surface characteristics of these adsor-
bents such as surface area, pore diameter, and pore volume 
were measured using the BET surface area analyzer (ASAP 
2010; Micromeritics, Germany). The chemical compositions 
of both the adsorbents were determined using XRF analyzer 
(PW 2403; PANalytical, the Netherlands) and elemental 
analyzer (vario MACRO Cube; Elementar, Germany). TEM 
micrographs were obtained from PHILIPS CM200 electron 
microscope. TGA analysis of RHA and BFA was performed 
with a heating rate of 5°C/min from 35 to 1000°C tempera-
ture using Perkin Elmer Diamond TG/DTA instrument. 

2.2. Adsorbate

The adsorbate [paraquat (98%)] was purchased from 
Sigma Aldrich and used as such without any treatment. 
The chemical formula and molecular weight of paraquat 
are C12H14Cl2N2 and 257.16 g/mol, respectively. The stock 
solution of paraquat was prepared in deionized water and 
the solution was then diluted according to the experimental 
requirements.

2.3 Packed-bed adsorption

A glass column (1.2 cm internal diameter and 30 cm 
height) with four alternate openings at different positions 
from the bottom was fabricated for continuous removal of 
paraquat is shown in Fig. 1. According to the requirement for 
each experiment, the desired quantity of adsorbent (g) was 
packed between two supporting layers of glass wool. The 
purpose of using glass wool was to avoid the flow of adsor-
bent with effluent. To remove the entrapped air, deionized 
(~50 mL) water was pumped upward through the bed using 
a peristaltic pump (PP201 V; Electro Lab, India). Before per-
forming the actual adsorption experiment, the column was 
kept inoperative for 12 h. The constant rate of influent solu-

tion was maintained using a rotameter mounted between 
the column and the pump. The effluent solution samples 
were collected periodically from the outlet, and the effluent 
concentration (Ct, mg/L) was analyzed on a UV–Vis spec-
trophotometer (Model UV 1800; Shimadzu, Japan) at 257 
nm. Experiments were carried out for different influent con-
centrations (C0), flow rates (Q), and bed heights (Z) at 30± 
2°C (Table 1). Each experiment was performed in duplicate 
and average value was reported. Results were plotted in the 
form of breakthrough (BT) curves (Ct/C0 Vs. time) for each 
experiment. The breakthrough (tb or t0.1) and saturation (ts) 
points were assumed at Ct/C0 = 0.10 and Ct/C0 = 0.98 on BT 
curves, respectively.

2.4. Determination of packed-bed parameter

Packed-bed parameters such as bed capacity, length 
of the mass transfer zone (MTZ), fractional bed utilization 
(FBU), and percentage removal are important in determin-
ing the feasibility and economics of continuous adsorption 
process. The bed capacity at breakthrough point (Qb mg/g) 
and bed capacity at saturation (Qs mg/g) point were calcu-
lated as follows [17]:
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where m (g) is the mass of adsorbent. The percentage 
removal was calculated from the quantity (mg) of paraquat 
entered and adsorbed in column. The length of mass trans-
fer zone was obtained using Eq. (3)
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Fig. 1. Experimental setup of packed bed column.
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MTZ is important in calculating the FBU. The empty 
bed contact time (EBCT), that is, residence time, affects the 
behavior of BT curve and the volume of adsorbate treated. 
The EBCT (min) and adsorbent usage rate, Ur (g/mL), were 
calculated using Eqs. (4) and (5), respectively [18].
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where Vc (m3) is the adsorbent volume in bed, Ac (m2) is 
the cross-sectional area of column, Vb (m

3) is the volume of 
adsorbate solution treated at breakthrough, ρ (g/cm3) is the 
apparent density of adsorbent, and Nb is the number of bed 
volumes of solution to breakthrough.

3. Results and discussion

3.1. Characterization of RHA and BFA

Proximate analysis of RHA and BFA was performed. 
In RHA, 1.80% moisture, 6.16% volatile matter, 89.87% 
ash and 2.17% fixed carbon whereas in BFA 6.30% mois-
ture, 42.44% volatile matter, 40.16% ash and 11.10% fixed 
carbon content were found. The carbon percentage deter-
mined by CHNS analysis was 5.85% in RHA and 47.37% in 
BFA, whereas silica percentage identified by XRF analysis 
was 81.78% in RHA and 36.14% in BFA. Additionally, both 
the biomass ashes contain small quantities of metal oxides 
which play significant role in the adsorption process by 
forming charges on the surface of ash in aqueous solution. 
The metal oxides in RHA and BFA are presented in Table 3 
which shows more content of Al2O3 in RHA and CaO in 
BFA. The BET surface area of RHA was measured to be 34 
m2/g and that of BFA was 52 m2/g. The micropore area of 
RHA and BFA was 5.67 m2/g and 13.67 m2/g respectively. 

The external surface area, determined using BET surface 
area and micropore area was found to be 28.32 m2/g and 
38.26 m2/g for RHA and BFA respectively. The pore volume 
and pore diameter of RHA and BFA were 2.69 × 10–3 cm3/g 
and 4.96 × 10–2 cm3/g and 80.60 Å and 45.58 Å, respectively, 
which suggests the existence of deeper pores on BFA and 
shallower pores on RHA surfaces. 

The scanning electron micrographs (SEM) of RHA and 
BFA are shown in Fig. 2. The images in Fig. 2. indicate the 
ruptered, circular and elongated pores on the surface of both 
adsorbents. Some of the pores are internally connected. The 
aspect ratios in the range of 2.6:1 to 4.4:1 for BFA and 2.4:1 
to 4.8:1 for RHA are earlier reported [19].

Transmission electron microscopy of RHA and BFA are 
shown in Fig. 3, we did not observe any regular pattern, 
which indicates the presence of amorphous zones through-
out the matrix. The TEM images revealing the morphology 
and fiber distribution. It was also ascertained that the dark 
portion of the pictures are due to the homogenous disper-
sion of RHA and BFA. 

The FTIR technique is an important tool to identify the 
characteristic functional groups on the adsorbent surface. 
The FTIR spectrum of RHA and BFA before and after para-
quat adsorption are shown in Fig. 4. The FTIR spectrum of 
paraquat (Fig. 4a) shows characteristic peaks at 3053 and 
3015 cm–1, assigned to the C–H stretching mode of the 
terminal methyl groups on the aromatic ring in paraquat 
molecule. A set of weak bands between 1058 and 1216 cm–1 
assigned to the C–N vibrations for amines. 1360–1454 cm–1 
corresponds to C–H bending vibrations [20.]. The asym-
metric C–H stretching occurs at slightly higher wave num-
ber as compared to that of symmetric C–H stretching. The 
C–H stretching of aromatic hydrocarbon obtains in the 
range from 3006–3053 cm–1. The peak at 1277 indicates C–N 
stretching in aromatic amine and the bands from 2500–3000 
cm–1 arise due to methyl C–H stretching.

In Fig. 4c and 4e, the band 1667–2000 cm–1 indicates the 
weak combinations and overtone absorption. The peaks in 
this region are assigned to mono to hexasubstitution of aro-
matic ring. The stretching of =C–H in aromatic compound is 
confirmed from the peak at 1614 cm–1 for RHA. The bands in 
the region 1360–1380 cm–1 are attributed to the aromatic C–H 
and carboxyl–carbonate structures. The peaks at 1080 cm–1 
in BFA and 1047 cm–1 in RHA are the asymmetric stretching 
of Si–O–Si. The stretching vibration of Si–O at 667 cm–1 is 

Table1
Experimental condition for packed-bed adsorption of paraquat 
on RHA and BFA

Exp. 
No.

RHA BFA

C0  

(mg/L)
Q  
(mL/min)

Z  
(cm)

C0  

(mg/L)
Q  
(mL/min)

Z  
(cm)

E1 10 5 6.4 10 5 4.4
E2 15 5 6.4 15 5 4.4
E3 20 5 6.4 20 5 4.4
E4 30 5 6.4 30 5 4.4
E5 20 2 6.4 20 2 4.4
E6 20 5 6.4 20 5 4.4
E7 20 7 6.4 20 7 4.4
E8 20 9 6.4 20 9 4.4
E9 20 5 3.2 20 5 3.0
E10 20 5 4.8 20 5 4.4
E11 20 5 6.4 20 5 6.0
E12 20 5 8.8 20 5 8.8

Table 2
Chemical composition of RHA and BFA (%)

RHA BFA

Al2O3 4.56 0.95
Fe2O3 1.58 1.62

MgO 0.63 1.96

MnO 052 1.15

CuO 0.18 0.12

CaO 1.27 3.62

K2O 1.87 2.32
TiO2 0.40 1.47
Na2O 0.19 1.48
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Table 3
Packed-bed parameters for adsorption of paraquat using RHA and BFA under different conditions

Exp.No EBCT 
(min)

tbexpt 
 (min)

ts 

(min)
Vs 

(ml)
Nb Ur 

 (g/ml)
Qb 

(mg/g)
Qs 

(mg/g)
MTZ FBU % 

Removal

RHA

E1 1.44 410 980 4900 105.65 0.002 4.07 5.98 2.03 0.68 61.05
E2 1.44 280 810 4050 72.15 0.003 4.17 6.45 2.25 0.64 53.08
E3 1.44 215 675 3375 55.40 0.004 4.21 6.68 2.36 0.63 49.48
E4 1.44 150 330 1650 38.65 0.006 4.40 7.20 2.48 0.61 72.72
E5 3.61 620 1190 2380 63.90 0.004 4.92 6.96 1.86 0.70 73.10
E6 1.44 215 675 3375 55.40 0.004 4.21 6.68 2.36 0.63 49.48
E7 1.03 150 420 2940 54.11 0.004 4.06 6.58 2.44 0.61 55.95
E8 0.80 110 235 2115 51.02 0.005 3.96 6.48 2.48 0.61 76.59
E9 0.72 85 325 1625 43.80 0.005 3.36 5.94 1.38 0.56 45.71
E10 1.08 145 410 2050 53.37 0.004 4.14 6.42 1.70 0.64 54.87
E11 1.44 215 675 3375 55.40 0.004 4.21 6.68 2.30 0.63 49.48
E12 1.98 320 780 3900 58.90 0.004 4.52 6.75 2.90 0.67 60.62

BFA

E1 0.99 600 1320 6600 254.40 0.0008 11.20 14.40 0.97 0.77 54.54

E2 0.99 435 900 4500 184.44 0.0011 12.45 16.05 0.98 0.77 59.44

E3 0.99 330 690 3450 139.92 0.0015 12.60 16.38 1.01 0.77 59.26
E4 0.99 240 480 2400 101.76 0.0020 14.35 18.90 1.05 0.75 65.62
E5 2.48 830 1470 2940 140.76 0.0015 12.91 16.40 0.93 0.78 69.72
E6 0.99 330 690 3450 139.92 0.0015 12.60 16.35 1.01 0.77 59.26
E7 0.71 230 570 3990 136.52 0.0015 12.20 16.24 1.09 0.75 50.87
E8 0.55 165 450 4050 125.92 0.0016 11.37 15.98 1.26 0.71 49.33
E9 0.67 196 465 2325 138.50 0.0015 12.33 16.06 0.69 0.76 51.82
E10 0.99 330 690 3450 139.92 0.0015 12.60 16.35 1.01 0.77 59.26
E11 1.35 465 1020 5100 140.82 0.0015 12.85 16.57 1.34 0.77 56.86
E12 1.98 670 1560 7800 142.04 0.0014 13.05 20.55 3.20 0.63 65.86

(a)                                                                 (b) 

 
Fig. 2. Scanning electron micrographs of RHA (a) and BFA (b).
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characteristic of quartz in BFA, whereas stretching vibration 
at 799 cm–1 in RHA corresponds to H–C bond. In BFA, the 
weak peak at 461 cm–1 is an indication of bending mode of 
internal tetrahedral (O–Si–O). In RHA, the peak at 469 cm–1 
is due to the presence of Si–OH bond. In the BFA spectrum, 
the peaks at 1222 and 810 cm–1 are indicative of amorphous 
silica. The peaks around 1095 and 1134 cm–1 are indicative 
of a strong Si–O–Si stretch in polysiloxane or siloxanes. The 
presence of polar groups on the surface is likely to give con-
siderable cation exchange capacity to RHA. [21].

FTIR spectrum of RHA and BFA after adsorption of 
paraquat (Fig. 4c and 4e) indicate the shifting of the bands. 
After adsorption of paraquat on RHA, peaks in Fig. 4d are 
observed at 1047 cm–1 and 2881 cm–1 related to the binding 
between the paraquat and RHA. This binding generates 
binary surface species, whose formation is mainly driven 
by electrostatic interactions. After adsorption of paraquat on 
BFA, Fig. 4b reveals new peaks at 1770, 1841, 2882 and 3078 
cm–1, which shows the binding between paraquat and BFA.

The above Figs. 5a and 5b show different trends in weight 
loss of RHA and BFA respectively as expected from their 
CHNS and XRF analysis. The overall weight loss observed 
was ~5% for RHA and ~45% for BFA. The initial minor 
weight loss near 100–250°C may be due to the removal of 
adsorbed water from both the ashes. For BFA the TGA curve 
shows a gradual weight loss from 200°C to 350°C followed 
by sharp weight loss from 350°C onward up to 1000°C which 
may be assigned to the volatile carboneous residue present 
in BFA. But for RHA after the initial moisture loss the major 
weight loss was registered from 250°C to 700°C. This may be 
due to volatile carbon residue which was very less compared 
to BFA. This observation may be supported by the CHNS 
and XRF composition of these two ashes. But after 700°C 
RHA did not show any weight loss indicating that the left 
over parts are inorganic oxides, which are thermally quite 
stable at this temperature region. [22].

3.2. Packed-bed parameters

The packed-bed parameters for adsorption of paraquat 
on RHA and BFA are listed in Table 3. EBCT in Table 3 varies 

inversely with flow rate at a constant adsorbent dosage and 
varies directly with bed height at a constant flow rate. The 
bed capacities (Qb and Qs) of BFA are greater than those of 
RHA. In addition, the difference between Qb and Qs of each 
experiment for BFA is greater than that for RHA, which 
indicates the availability of more number of vacant sites 
after breakthrough time in BFA. The saturation of BFA bed 
occurred slowly, compared with RHA. Therefore, the vol-
ume (Vs) of adsorbate solution treated using BFA is larger 
than using RHA. The MTZ is greater in RHA than in BFA, 
whereas the fraction of bed utilization (FBU) is higher in 
BFA than in RHA, Thus, it can be recommended that greater 
the length of MTZ, higher the bed utilization. The percent-
age removal of paraquat for BFA is higher than for RHA. 
It can be observed that the saturation time of BFA bed is 
approximately 1.4 times higher than that of RHA bed and 

             (a)                                                                  (b)                        

 
Fig. 3. Transmission electron microscopy of RHA (a) and BFA (b). 

 
Fig. 4. FTIR Spectrum of (a) paraquat (b) BFA after adsorption 
(c) BFA (d) RHA after adsorption (e) RHA.
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the capacity of BFA at saturation is about 2.8 times greater 
than that of RHA under the studied experimental condi-
tions. The BFA usage rate (Ur) is comparatively lesser than 
RHA and this may be due to the higher surface area of BFA. 

3.3. Effect of process parameters

3.3.1. Effect of influent concentration

The influent concentration of paraquat is varied 
between 10 and 30 mg/L at a constant flow rate and bed 
height for RHA and BFA. The results are plotted in the form 
of BT curves in Fig. 6, which indicate the early saturation of 
each adsorbent bed at higher influent concentration. This is 
due to the availability of finite adsorption sites for higher 
influent concentration. In addition, the activation energy at 
higher concentration is increased due to surface coverage 
of RHA and BFA, which makes further adsorption diffi-
cult [23]. The BT curves at higher influent concentrations 
became steeper because of reduced breakthrough time and 
saturation time (Table 3). The bed capacities (Qb and Qs) of 
both adsorbents are enhanced with increase in influent con-

centration. This is because of the gradient at higher influent 
concentration which offers a greater driving force for mass 
transfer [24]. The tailing of BT curves during the bed sat-
uration of RHA as well as BFA can be observed in Fig. 6. 
This slow approach of BT curves is ascribed to the control of 
intraparticle diffusion over the mass transfer process [25]. 
For the same influent concentration, the breakthrough and 
saturation times, and the bed capacities are higher for BFA 
than for RHA. The enhancement in saturation capacity of 
BFA is greater than that of RHA for the same increase in 
influent concentration.

3.3.2. Effect of flow rate

The effect of flow rate on adsorption of paraquat was 
studied at a constant influent concentration and bed height 
by varying the flow rate 2 to 9 mL/min (Table 1). Results 
in Fig. 7 indicate steepest BT curves at 9 mL/min for RHA 
and elongated BT curves at 2 mL/min for BFA. The lower 
flow rate provides sufficient time for adsorbate molecules 
to penetrate the adsorbent pores, resulting in extended BT 

(a)  

 

(b)

Fig. 5. Thermogravimetric analysis of RHA (a) and BFA (b).

 
Fig. 6. Breakthrough curves for packed bed adsorption of paraquat (a) using RHA at Q = 5 mL/min, Z = 6.4 cm and (b) using BFA at 
Q = 5 mL/min, Z = 4.4 cm at different influent concentrations.
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curves. With increasing flow rate, the breakthrough and sat-
uration times, bed capacities, and percentage removal are 
considerably decreased (Table 3). Consequently, the volume 
of solution treated is also decreased with increase in flow 
rate. The diminution in capacity (Qb or Qs) and percent-
age removal at higher flow rate is ascribed to inadequate 
contact time, which results in early discharge of paraquat 
molecules from the adsorbent bed before the equilibrium 
is reached. With the increase in flow rate, the MTZ expands 
for both RHA and BFA, which causes an increase in mass 
transfer rate. Similar results were previously observed by 
Deokar et al. [26] in packed-bed adsorption of 2,4-D herbi-
cide using bagasse fly ash. It can be deduced from Table 3 
and Fig. 7 that the performance of RHA and BFA column is 
better at a lower flow rate than at a higher flow rate.

3.3.3. Effect of bed height

The bed height of RHA and BFA was changed accord-
ing to experimental conditions in Table 1 at fixed influent 
concentration and flow rate. Fig. 8 shows that the BT curves 

are extended for higher bed height (i.e., adsorbent loading) 
of RHA and BFA. The breakthrough and saturation times 
in Table 3 are significantly enhanced and thus the solution 
volume treated is also increased for higher bed height. The 
residence time of paraquat molecules in the RHA and BFA 
bed is higher for higher bed height as the molecules have 
to travel through a longer length of the bed. Therefore, the 
adsorbent bed needs more time for saturation, which results 
in extended BT curve. As the bed height is augmented, the 
surface area is increased and therefore the bed capacities of 
both adsorbents are also increased [27]. Because of higher 
breakthrough and saturation capacities, the length of MTZ 
is significantly increased with increase in bed height. How-
ever, the utilization of RHA and BFA bed is reduced with 
increase in bed height. The bed capacity is less for lower bed 
height and this may be due to a shorter time needed for dif-
fusion of paraquat molecules into the adsorbent bed. There-
fore, beds of increased height may be suggested for better 
column performance. Similar results for variable bed height 
have been previously reported for packed-bed adsorption 
of phenoxyacetic acid herbicide [28].

 
Fig. 7. Breakthrough curves for packed bed adsorption of paraquat (a) using RHA at C0 = 20 mg/L, Z = 6.4 cm and (b) using BFA at 
C0 = 20 mg/L, Z = 4.4 cm at different flow rates.

Fig. 8. Breakthrough curves for packed bed adsorption of paraquat (a) using RHA at C0 = 20 mg/L, Q = 5 mL/min and (b) using BFA 
at C0 = 20 mg/L, Q = 5 mL/min at different bed heights.
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3.4. Application of packed-bed models

3.4.1. Modeling of column adsorption data

Successful design of a column for continuous adsorp-
tion in a packed bed demands the estimation of the con-
centration–time profile from the BT curves. To predict and 
analyze the dynamic behavior of paraquat adsorption onto 
RHA and BFA, various models including the BDST, Thomas, 
and Yoon–Nelson models were applied to the experimental 
data [29]. To judge the best-fit model, error analysis [17] was 
performed by considering standard deviation (ε) and Mar-
quardt’s percent standard deviation (MPSD) between the 
experimental and predicted data.
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3.4.1. Application of the bed depth service time model

The BDST model considers negligible intraparticle dif-
fusion and external mass transfer resistance [30,31]. The 
model assumes that the adsorption is limited by surface 
reaction between adsorbate and unused capacity of adsor-
bent [23]. It is given by the following equation:
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0 0 0

01
1ln  (8)

where N0 is the adsorption capacity of bed (mg/L), U0 (cm/
min) is a linear flow velocity, and KBD is the rate constant 
(L/mg·min). The BDST model (t vs. Z) is shown in Fig. 9 
for packed-bed adsorption of paraquat on RHA and BFA. 
The values of model parameters are determined for 10, 50, 

and 90% BT at constant concentration and flow rate, and are 
presented in Table 4.

The adsorption capacity (N0, mg/L) is found to be 3457, 
5296 and 6976 for RHA, and 6292, 11721, 16185 for BFA at 
10, 50, and 90% BT, respectively. The BFA capacity (90% BT) 
predicted by the BDST model is approximately 2.3 times 
greater than that of RHA. The rate constant (KBD, L/mg·min) 
determined from intercept is 5.7 × 10–4 for RHA and 9.3 × 
10–4 for BFA at 10% BT of column. The values of coefficient 
of determination (R2) as shown in Fig. 9 are close to one, 
which indicates the fitting of the BDST model for experi-
mental data. The linear lines in Fig. 9 for 10, 50, and 90% 
BT are not parallel, which is due to the dissimilar lengths of 
MTZ. This informs that the MTZ in RHA and BFA bed does 
not move with constant velocity during packed-bed adsorp-
tion of paraquat. The probable reason may be the insuffi-
cient bed height to develop constant pattern behaviour [32]. 
In this study, the linear line representing 50% BT for RHA 
and BFA intercepts the y axis, but in an ideal scenario, this 
line should pass through the origin. Therefore, according to 
the BDST model, adsorptive removal of paraquat on RHA 
and BFA is controlled by a complex mechanism comprising 
more than one rate-limiting step [18].

3.4.3. Application of the Thomas model

The Thomas model is applied to the experimental data 
between (Ct/C0) = 0.01 and 0.98, and maximum solid-phase 
concentration and adsorption rate of paraquat are deter-
mined for RHA and BFA. The linear form of the Thomas 
model [33] is expressed as follows:

ln
C
C

K Q m
Q

K C t
t

T
T

0 0
01−







= −  (9)

The kinetic constant KT [L/(mg min)] and adsorption 
capacity Q0 (mg/g) for the Thomas model are calculated 
from slope and intercept of Eq. (9), respectively. These val-
ues are presented in Table 4 for different experimental con-
dition. The Thomas model adsorption capacity of BFA is 
appreciably higher than that of RHA. The adsorption capac-

 
Fig. 9. Bed depth service time model for adsorption of paraquat on (a) RHA and (b) BFA at different bed heights and constant con-
centration (20 mg/L) and flow rate (5 mL/min).
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ity of RHA and BFA (Table 4) is enhanced by the increase 
in influent concentration and bed height owing to increase 
in concentration gradient and adsorption sites, respectively. 
However, this capacity is reduced for increased flow rate. 
A similar change in capacity with change in concentration, 
flow rate, and bed height was previously reported by Deokar 
et al. [17]. It can be observed from Table 4 that the kinetic 
constant for both the adsorbents is a function of influent 
concentration, flow rate, and bed height. The breakthrough 
time (tbpred, Table 4) predicted by the Thomas model is com-
pared with the experimental value ((tbexpt, Table 3) and stan-
dard percent deviation (ε) is calculated (Table 4). For most 
of the experiments, the greater deviation (higher value of ε) 
between the experimental and predicted values of break-
through times was observed (Table 4), may be because the 
Thomas model is based on second-order reaction kinetics, 
whereas adsorption is governed by both chemical reac-
tion kinetics and interphase mass transfer [34]. The MPSD 
values for the Thomas model shows that the experimental 
and predicted values of (Ct/C0) are closer and therefore, the 
experimental BT curves and the corresponding predicted 
BT curves for each adsorbent in Fig. 10a and 10b are similar. 

The fitting of the Thomas model for adsorption of paraquat 
on RHA and BFA implies that external and internal diffu-
sions are not the only rate-limiting steps [35].

3.4.4. Application of the Yoon–Nelson model

The Yoon–Nelson model does not require the detailed 
information about the type and properties of adsorbent 
and properties of the bed [25]. This model predicts the time 
(t0.5) necessary for 50% saturation of adsorbent bed [36]. In 
this study, the Yoon–Nelson model [Eq. (10)] is applied to 
the data in the range 0.01 < (Ct/C0) < 0.98, and the model 
parameters are calculated from slope and intercept

ln .
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C C
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0
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where KYN is the kinetic constant (min−1), t0.5 is predicted or 
the time required for 50% adsorbate breakthrough (min), 
and t is the breakthrough (sampling) time (min). The 
parameters of the Yoon–Nelson model for paraquat adsorp-
tion on RHA and BFA are listed in Table 4. In most of the 

Table 4
Parameters of packed-bed models for adsorption of paraquat on RHA and BFA

Exp. Thomas model Yoon–Nelson model

KT

(L/(mg min))
q0

(mg/g)
tbpred

(min)
ε MPSD KYN

(min−1)
t0.5expt
(min)

tbpred

(min)
ε MPSD

RHA
E1 0.53  ×  10–3 9.62 380 7.31 32.20 10.3 × 10–3 560 596 –6.49 32.20
E2 0.54 × 10–3 9.87 270 3.57 25.17 11.5 × 10–3 430 464 –7.87 25.16
E3 0.55 × 10–3 9.99 125 41.86 49.05 11.0 × 10–3 305 328 –7.38 49.05
E4 0.88 × 10–3 10.13 90 40.00 8.20 26.5 × 10–3 180 182 –1.20 8.20
E5 0.58 × 10–3 10.25 580 6.45 48.09 11.7 × 10–3 750 769 –2.53 48.09
E6 0.55 × 10–3 9.99 125 41.86 49.05 11.0 × 10–3 305 328 –7.38 49.05
E7 0.35 × 10–3 9.80 110 26.66 88.73 20.5 × 10–3 220 226 –2.77 88.69
E8 0.29 × 10–3 8.68 130 -18.18 19.28 55.8 × 10–3 170 168 1.09 16.01
E9 0.19 × 10–3 8.76 55 35.29 55.52 23.8 × 10–3 130 148 –13.84 55.52
E10 0.34 × 10–3 9.60 70 51.72 20.69 16.9 × 10–3 200 209 –4.50 21.47
E11 0.55 × 10–3 9.99 125 41.86 49.05 11.0 × 10–3 305 328 –7.38 49.05
E12 0.62 × 10–3 10.36 100 68.75 37.22 12.4 × 10–3 460 476 –3.43 36.99

BFA
E1 0.93 × 10–3 16.04 540 10.00 114.37 9.3 × 10–3 780 802 –2.86 114.37
E2 0.87 × 10–3 17.76 420 3.44 65.86 13.1 × 10–3 585 592 –1.22 65.78
E3 0.81 × 10–3 17.82 225 31.81 17.19 14.2 × 10–3 375 386 –2.95 17.19
E4 0.78 × 10–3 18.02 195 18.75 22.87 23.4 × 10–3 285 300 –5.43 22.87
E5 0.43 × 10–3 15.91 690 16.86 28.04 8.7 × 10–3 960 995 –3.60 57.56
E6 0.71 × 10–3 15.44 225 31.81 17.19 15.4 × 10–3 375 402 –7.23 107.21
E7 0.97 × 10–3 15.22 220 4.34 62.20 22.1 × 10–3 330 357 –8.07 63.62
E8 0.99 × 10–3 14.83 150 9.09 26.61 19.9 × 10–3 240 266 –10.76 26.61
E9 1.23 × 10–3 16.98 195 0.51 30.19 24.7 × 10–3 255 255 0.08 23.50
E10 0.71 × 10–3 17.74 225 31.81 17.19 15.4 × 10–3 375 402 –7.23 107.21
E11 0.49 × 10–3 18.75 315 32.25 50.90 9.9 × 10–3 510 538 –5.46 52.48
E12 0.30 × 10–3 20.41 660 1.49 24.41 6.1 × 10–3 1020 1021 –0.08 25.70
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and Fig.11b, the fitting of the Yoon–Nelson model is more 
appropriate for the paraquat adsorption on both adsor-
bents. This observation can be verified from the values of 
deviations (MPSD, ε), which are lower for the Yoon–Nel-
son model than for the Thomas model. Therefore, the pre-
dicted time for 50% saturation is in close accordance with 
the experimental time for adsorption of paraquat on RHA 
and BFA.

experiments, the predicted time (t0.5pred) for 50% saturation 
is greater than experimental time (t0.5expt). The intraparticle 
diffusion after 50% saturation of bed forms nonsymmetri-
cal BT curves, indicating delay in saturation time [37]. This 
results in higher predicted 50% breakthrough time than that 
obtained in the experiments. The experimental BT curves 
are compared with the curves predicted by the Yoon–Nel-
son model in Fig.11a and Fig.11b. As indicated in Fig. 11a 

 

Fig. 10a. Comparison between experimental and predicted breakthrough curves for packed-bed adsorption of paraquat on RHA 
using the Thomas model: (i) Q = 5 mL/min, Z = 6.4 cm; (ii) C0 = 20 mg/L, Z = 6.4 cm; (iii) C0 = 20 mg/L, Q = 5 mL/min.

 

Fig. 10b. Comparison between experimental and predicted breakthrough curves for packed-bed adsorption of paraquat on BFA 
using the Thomas model: (i) Q = 5 mL/min, Z = 4.4 cm; (ii) C0 =20 mg/L, Z = 4.4 cm; (iii) C0 = 20 mg/L, Q = 5 mL/min.

 

Fig. 11a. Comparison between experimental and predicted breakthrough curves for packed-bed adsorption of paraquat on RHA 
using the Yoon–Nelson model: (i) Q = 5 mL/min, Z = 6.4 cm; (ii) C0 = 20 mg/L, Z = 6.4 cm; (iii) C0 = 20 mg/L, Q = 5 mL/min.
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capacity, fraction of bed utilization, adsorbent usage rate, 
empty bed contact time, length of MTZ, volume of solution 
treated, and breakthrough and saturation times are notice-
ably influenced by the change in experimental conditions. 
Both RHA and BFA have maximum adsorption capacity 
at a higher influent concentration and bed height, and at a 
lower flow rate. In comparison with RHA, BFA has higher 
value of adsorption capacity, bed utilization, and percent-
age removal.

The BDST, Thomas, and Yoon–Nelson models are 
applied to packed-bed data. The BDST model reveals the 
complex mechanism involving more than one rate-con-
trolling step in the adsorption of paraquat using RHA and 
BFA. The BDST model implies that BFA has 2.3 times higher 
capacity than RHA. The Yoon–Nelson model is better than 
the Thomas model because the deviations between experi-
mental and predicted values are lesser for the former model.
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