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Abstract The present work describes the aqueous phase re-
moval of 4-chloro-2-methylphenoxyacetic acid herbicide by
rice husk ash (RHA) using batch and packed bed adsorption
techniques. The effects of dosage, initial concentration, time,
pH, temperature, and particle size of adsorbent in batch com-
pared with effects of influent concentration, flow rate, and bed
height in packed bed were studied. The particle size effect
reveals that the removal is dependent on chemical composi-
tion (silica and carbon content) together with BETsurface area
of RHA. The aptness of Langmuir isotherm to batch data
indicates the favorable adsorption whereas that of Temkin
isotherm informs the heterogeneous nature of RHA. The ki-
netics of adsorption follows the pseudo-second order and
Elovich models while thermodynamics of process indicates
the exothermic adsorption. Among the models applied in
packed bed study, the deactivation kinetic, Yoon–Nelson and
bed depth service time (BDST) models are suitable to explain
the packed bed adsorption. The adsorption capacity of RHA in
packed bed study is found greater than that in batch. The
adsorption capacity of RHA determined by the BDST model
is 3019 mg/L for 90 % saturation of bed. The adsorption

capacity of RHA based on weight is ∼2.3 times and that based
on surface area is ∼55.55 times greater than that of granular
activated carbon.

Keywords Rice husk ash .MCPA . Adsorption . Silica to
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Introduction

4-Chloro-2-methylphenoxyacetic acid (MCPA) is a
chlorophenoxy herbicide used as pre- and post-emergent to
control the growth of weeds in a variety of crops such as grain,
corn, sugarcane, and rice (Cabrera et al. 2011). MCPA is pre-
ferred due to its low cost, good selectivity, and compatibility
with other herbicides (Marczewska et al. 2010). Being an an-
ionic, MCPA is weakly retained by the components of soil
sediment; it remains in dissolved form in soil solution
(Cardoso et al. 2006). Its leaching occurs rapidly, leading to
subsequent contamination of groundwater and surface water
where it remains for several weeks (Marczewska et al. 2010).
This influences the ecosystems and the quality of water re-
sources. MCPA is a member of phenoxy acid herbicides which
are declared as possible carcinogens and mutagens by the
International Agency for Research on Cancer (IARC 1983).

Among the methods described in literature for pesticide
removal, adsorption is an extensively implemented technique
owing to its inherent advantages such as low cost, easiness in
operation, simplicity of design, and insensitivity to toxic pol-
lutants (Deokar and Mandavgane 2015a). Additionally, ad-
sorption removes most of the pollutants rather than a specific
kind (Singh 2009). MCPA adsorption only in batch is previ-
ously reported using several adsorbents such as activated car-
bons (Marczewska et al. 2010; Cho et al. 2006; Pérez et al.
2012; Gimeno et al. 2003; Ignatowicz et al. 2009), mineral
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(Iglesias et al. 2010), layered double hydroxides (LDH)
(Cardoso et al. 2006; Inacio et al. 2001; Bruna et al. 2009),
soils (Cabrera et al. 2011; Hiller et al. 2012), organic polymer
resin (Vergili et al. 2009), and spent bleaching earth
(Mahramanlioglu et al. 2003). Based on the literature
reviewed, the agrobased industrial wastes particularly the bio-
mass ashes have not been used for the removal of pesticides
such as MCPA.

One of the biomass ashes is rice husk ash (RHA) which is
generated as waste after combustion of husk in rice mill/power
plant. Based on the rice production in 2014 (FAO), the global
generation of RHAwas ∼41million tons, with ∼9 million tons
from India alone (Deokar et al. 2016). RHA thus produced in
huge quantity should be utilized to minimize the disposal
problem. Researchers have used RHA as an efficient adsor-
bent for removal of heavy metals, dyes, and phenols from
water (Ahmaruzzaman and Gupta 2011). The chemical com-
position (silica, carbon, and metal oxides) and availability
make RHA as an efficient and economical adsorbent.
Though RHA is extensively employed as adsorbent, its utili-
zation for pesticide adsorption has not been explored in detail.
Therefore, RHA was selected in the current study to adsorb
MCPA from aqueous phase.

According to the author’s knowledge, the adsorption effi-
cacy of previously employed adsorbents for MCPA removal is
evaluated only for batch adsorption. But adsorption in packed
column is commercially worthwhile because the continuous
contact between adsorbate and adsorbent allows for efficient
utilization of the adsorbent, thereby enhancing the treatment
of the effluent. The objective of the study was to (i) investigate
the adsorption potential of RHA in batch and packed bed
removal of MCPA and to (ii) study the effect of chemical
composition (i.e., silica and carbon content) of RHA on ad-
sorption. To achieve these objectives, the adsorption iso-
therms and kinetics of the batch study have been examined
for different experimental conditions. The packed bed data
obtained for different concentrations, flow rates, and bed
heights were analyzed using the deactivation kinetic model
together with conventional packed bed models.

Materials and methods

Adsorbent

RHA supplied by M/s Yash Agro Ltd., Nagpur (India), was
firstly screened using BS sieves, and the particle size less than
0.500 mm was used for adsorption study. The moisture, ash,
volatile matter, and fixed carbon content of RHAwere deter-
mined using standard method (IS 1350, 1984) of proximate
analysis. The surface properties such as BET surface area,
pore volume, and pore diameter were measured using
Brunauer–Emmett–Teller (BET) method (Micromeritics,

ASAP 2010, USA). The chemical composition of RHA was
determined using XRF analyzer (PANalytical, PW 2403,
Netherlands) and elemental analyzer (Elementar, vario
Micro Cube, Germany). The functional groups on the RHA
surface before and after adsorption were observed by Fourier
transform infrared (FTIR) spectroscopy (Shimadzu, IR-
Affinity-1, Japan).

Adsorbate

Analytical grade MCPAwas purchased from Sigma-Aldrich,
India, and a stock solution was prepared in ultrapure water.
The molecular structure and properties of MCPA are given in
ESM 1: Table 1S (Supplementary Information).

Experimental methods

Batch adsorption study

In batch experiments, the glass vials containing MCPA solu-
tion (20 mL, pH 3.7) and RHAwere agitated at constant tem-
perature in a water bath shaker for 12 h. The samples were
filtered then centrifuged, and concentration of the supernatant
was measured on a UV/vis spectrophotometer (Shimadzu,
Model UV 1800, Japan) at 279 nm (λmax). The average values
of triplicate experiments were used in calculations. The per-
centage removal and adsorption capacity at any time (qt, mg/
g) and at equilibrium (qe, mg/g) was calculated from initial
and equilibrium concentrations (C0, Ce, mg/L). The effects of
parameters such as adsorbent dosage, initial concentration,
temperature, contact time, solution pH, and particle size of
adsorbent were studied. The solution pH, changed between
2 and 12, was measured using a pH meter (Eutech, Model
2700, India).

Packed bed adsorption study

A glass column (30 cm height, 1.2 cm internal diameter) with
four alternative openings at different positions from the bot-
tom was fabricated for packed bed removal of MCPA. As per
requirement of bed height, RHA (g) was packed between two
supporting layers of glass wool. An intention of using the
glass wool was to prevent the loss of adsorbent. The column
was then soaked by pumping deionized water using a peristal-
tic pump (Electro Lab, PP201V, India), so that the entrapped
air was withdrawn through the bed. The actual experiments
were started after keeping the column ideal for 12 h. The
influent solution was forced in an upward direction, and efflu-
ent was collected intermittently from the outlet to measure the
concentration. The constant influent rate of MCPA solution
was maintained by a mounting rotameter between the pump
and the column. The column experiments were performed for
different influent concentration (C0, mg/L), flow rate (Q, mL/
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min), and bed height (Z, cm) at constant temperature (30
±2 °C) and pH (3.7). The breakthrough (BT) curve (Ct/C0

versus time) was plotted for each experiment. The break-
through (tb) point and saturation (ts) point were considered at
Ct/C0=0.10 and Ct/C0=0.97, respectively. The saturation ca-
pacity qs (mg/g) and breakthrough capacity qb (mg/g) of the
column were calculated using Eqs. (1) and (2), respectively.

qs ¼
C0Q

m

Z
0

ts

1−
Ct

C0

� �
dt ð1Þ

qb ¼
C0Q

m

Z
0

tb

1−
Ct

C0

� �
dt ð2Þ

where m (g) is the mass of the adsorbent. The length of mass
transfer zone (MTZ) necessary to determine the fraction of
bed utilization (FBU) is calculated using Eq. (3).

MTZ ¼ Z 1−
qb
qs

� �
ð3Þ

Results and discussion

Characterization of RHA

The proximate analysis revealed that RHA contained 1.80 %
moisture, 6.16 % volatile matter, 89.87 % ash, and 2.14 %
fixed carbon. The carbon content determined by CHNS anal-
ysis was found to be 5.85 % whereas silica by XRF analysis
was 81.78 %. Additionally, XRF analysis indicated the pres-
ence of metal oxides such as 4.08 % Al2O3, 1.87 % K2O,
1.27 % Fe2O3, 1.27 % CaO, 0.78 % P2O5, 0.50 % MgO,
0.19 % Na2O, and 0.12 % MnO in RHA. These metal oxides
in contact with water develop the surface charges depending
on the pH of the solution (Deokar et al. 2015b). This enables
faster adsorption of ionic adsorbate due to electrostatic attrac-
tion. The single point area and BET surface area of RHAwere
measured to be 33.61 and 33.99 m2/g, respectively. The mi-
cropore area of RHA was 5.67 m2/g, whereas the external
surface area was calculated as 28.32 m2/g from BET surface
and micropore areas. The Barrett–Joyner–Halenda (BJH)
adsorption and desorption surface areas of RHA were 26.29
and 36.87 m2/g, respectively. The single point total pore vol-
ume of pores (<20 Å) was 2.69×10−3 cm3/g, while the cumu-
lative pore volume of pores (17 Å < d < 3000 Å) was
5.30×10−2 cm3/g. The BJH adsorption and desorption aver-
age pore diameters were 81 and 57 Å, respectively.

The FTIR spectra of MCPA (Fig. 1, spectrum a) show a
peak at 1728 cm–1 indicating the presence of –C=O bonding

in the carboxyl group (Bruna et al. 2009). The O–H deforma-
tion coupled with C–O stretching is showed by a band at
1235 cm–1 (Pavlovic et al. 2005). The O–H stretching band
is presented by a weak peak at 3689 cm–1. In addition, the
peaks at 1439 and 1494 cm–1 in the MCPA spectrum corre-
spond to CH2 bending vibrations of alkanes and C=C vibra-
tions of the aromatic ring, respectively. Moreover, a peak at
676 cm–1 indicates the C–Cl stretching vibration
(Arivazhagan et al. 2011). The FTIR spectrum of blank
RHA (i.e., before adsorption) presented in Fig. 1 (spectrum
b) indicates the weak combinations and overtone absorption in
the region at 1667 to 2000 cm–1. The peaks in this region are
assigned to monosubstitution to hexasubstitution of the aro-
matic ring (Pavia et al. 2008). The peaks at 1094 and 799 cm–1

in the RHA spectrum represent the stretching vibrations of Si–
O–Si and H–C bonds, respectively, while the peak at 469 cm–1

is assigned for the Si–H bond (Deokar et al. 2016).
The RHA spectrum after adsorption of MCPA (Fig. 1,

spectrum c) shows the appearance of a new peaks as well
as shifting of some existing peaks. The appearance of the
new peak at 1502 cm–1 is attributed to asymmetric COO–

stretching vibration (υasymCOO
–) of the carboxyl functional

group (Kim and Hyun 2014). This indicates the attachment
of anionic MCPA with positive metal oxides through elec-
trostatic interaction (Kim and Hyun 2014). The spectrum
showed the existence of peaks at 1730 and 1441 cm–1 which
may be due to –C=O stretching and CH2 bending, respec-
tively, of the MCPA molecule adsorbed through the van der
Waal force of attraction (Hermosin and Cornejo 1993). The
shifting of a peak from 676 to 680 cm–1 is due to electron-
donating electrostatic interaction of positive RHA surface
with MCPA molecules.

Fig. 1 FTIR spectra of a MCPA, b blank RHA, and c RHA after
adsorption
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Batch adsorption

Effect of RHA dosage

The change in removal of MCPA with RHA dosage was ex-
amined for 100 mg/L initial concentration by varying the dos-
age in a range of 0.25–3.5 g/20 mL solution at constant tem-
perature (303 K), contact time (720 min), and pH (3.7).
Results are plotted in ESM 1: Fig. 1S (Supplementary
Information) which indicate the improvement in percentage
removal with increase in RHA dosage. This is attributed to
an increase in surface area with increase in dosage of RHA
since surface area is a function of adsorbent dosage. The re-
moval of MCPA was increased from 89 to 95 % for 2.5 to
3.5 g of RHA. The significant improvement in removal is not
observed for higher dosages due to the establishment of equi-
librium between solid-phase and liquid-phase MCPA mole-
cules (Dutta et al. 2014; Srivastava et al. 2006). Therefore,
2.5 g/20 mL is selected as the optimum dosage for further
studies in this work.

Effect of initial concentration and temperature

The initial concentration ofMCPAwas varied between 50 and
400 mg/L at a fixed contact time and pH. The experiments
were performed at three different temperatures, viz., 303, 318,
and 328 K, to examine the effect of temperature on adsorption
of MCPA. The results in Fig. 2 express the reduction in per-
centage removal with increase in initial concentration. Since
RHA has a finite number of adsorption sites, the removal is
notably decreased at higher concentrations (Nawaz et al.
2014). However, it is observed that the amount (mg/g) of
MCPA removed is increased with increase in concentration.
This increase is due to equilibrium: a higher liquid concentra-
tion corresponds to a higher solid concentration at

equilibrium. With increasing the temperature of the solution,
uptake is decreased due to a reduction in the affinity of MCPA
for RHA. This indicates the exothermic adsorption of MCPA
on the RHA surface. This implies that the adsorption of
MCPA on RHAmay be physisorption because the exothermic
adsorption is usually physisorption (Dutta et al. 2014).

Effect of contact time

The equilibrium time of MCPA adsorption on RHA was in-
vestigated by performing the experiments for different times at
100 mg/L, pH 3.7, and 303 K. It is evident from Fig. 3 that
most of the MCPA is adsorbed within the first 10 min due to
the fast rate of initial adsorption, after which the uptake rate
gradually slows down resulting in system equilibration in ap-
proximately 120 min. Initially, the greater concentration gra-
dient across the solid–liquid interface and available sites on
the RHA surface may be mainly contributing to the high rate
of adsorption which in turn reduced with increasing contact
time (Dutta et al. 2014). The reduction of rate in the later part
of adsorption may be due to aggregation of MCPA molecules
within pores and saturation of the active site on the RHA
surface, thereby increasing resistance for diffusion of mole-
cules (Mane et al. 2007).

Effect of solution pH

The charge on surface of adsorbent and the degree of ioniza-
tion of adsorbate depend on solution pH, therefore adsorption
experiments were performed for different pH at fixed concen-
tration (100 mg/L), time (720 min), and temperature (303 K).
It can be observed in ESM 1: Fig. 2S (Supplementary
Information) that the removal of MCPA reduced from 93 to
70 % when pH increased from 2 to 12. This is because of the

Fig. 2 Effect of initial concentration and temperature on removal of
MCPA at 2.5 g RHA/20 mL

Fig. 3 Effect of contact time on removal of MCPA at 100 mg/L, pH 3.7,
and 303 K
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combined effect of point of zero charge (pHzpc) and solution
pH on the charges developed on the RHA surface. pHzpc at
which the adsorbent surface acts as neutral is reported to be
8.3 for RHA (Srivastava et al. 2006). At pH < pHzpc, the
RHA surface is positively charged, and at pH > pHzpc, the
reverse will occur. At pH <3.07 (i.e., pKa of MCPA), most of
the MCPA is expected in molecular form and less in anionic
form. Therefore, at lower pH, higher number of molecular
MCPA due to van der Waals forces and lower number of
anionic MCPA due to electrostatic attraction are adsorbed on
the RHA surface. At higher pH, the anionic form of MCPA is
greater in number than is the molecular form. The anionic
MCPA is repelled by negative charges formed on the RHA
surface at higher pH. Therefore, the removal is decreased with
increase in solution pH.

Effect of particle size of RHA

The effect of particle size on adsorption of MCPAwas inves-
tigated for five different particle size fractions of RHA at fixed
concentration, time, and temperature. Results for particle size
less than 0.089, 0.089–0.152, 0.152–0.251, 0.251–0.354, and
0.354–0.500 mm are presented in Fig. 4. It is observed that
with increasing particle size of RHA, the percentage removal
of MCPA is appreciably improved. It can be seen in Fig. 4 that
the almost complete removal is achieved for the 0.354–0.500-
mm particle size which is just around 40 % for particles less
than 0.089 mm. To elucidate these results, the BET surface
area and chemical composition (silica and carbon percentage)
of the aforesaid particle size ranges are determined. The BET
surface area and carbon percentage are enhanced whereas sil-
ica percentage is reduced with particle size (Fig. 4). Though
the change in carbon percentage and silica percentage is small,
the silica to carbon ratio is significantly decreased from 33 to 5

for the smallest to the largest particle size, respectively. The
point of zero charge of silica is 2.2 and those of Fe2O3, Al2O3,
and CaO are 6.7, 8.3, and 11, respectively. The silica forms a
negative charge whereas metal oxides develop a positive
charge on the surface when RHA is immersed in aqueous
solution of pH≈3.7 (Srivastava et al. 2008). Thus, MCPA
being anionic is mostly adsorbed on carbon and metal oxides
in RHA. Therefore, the higher BET surface area together with
smaller silica to carbon ratio is responsible for the higher re-
moval of MCPA on bigger particles than on smaller particles
of RHA.

Isotherm modeling and thermodynamic properties

The most commonly applied isotherms, namely, Langmuir,
Freundlich, and Temkin models (Jain et al. 2013), are consid-
ered in the present work to determine the adsorption capacity
and adsorbent affinity. The non-linear forms of the Langmuir,
Freundlich, and Temkin isotherm models are expressed by
Eqs. (4), (5), and (6), respectively.

qe ¼
KLqmaxCe

1þ KLCeð Þ ð4Þ

qe ¼ K F C
1=n
e ð5Þ

qe ¼
RT

bT
ln ATCeð Þ ð6Þ

where qe (mg/g) and Ce (mg/L) are the capacity and concen-
tration at equilibrium, respectively; qmax (mg/g) is the mono-
layer adsorption capacity. The Langmuir constant, denoted by
KL (L/g), is related to the affinity of binding sites. KF [(mg/g)/
(mg/L)1/n] and n are the Freundlich constant and adsorption
intensity factor, respectively. AT (L/g) and bT (J/mol) are
Temkin constants related to binding at equilibrium and heat
of adsorption, respectively. The isotherm parameters investi-
gated at three different temperatures are presented in Table 1
for MCPA adsorption using RHA. The non-linear plots of
isotherm models at temperature 303 K are presented in Fig. 5.

The values of coefficient of determination (R2) in Table 1
are closer to 1 for Langmuir and Temkin isotherms than for
Freundlich isotherm, which inform the aptness of Langmuir
and Temkin models over the Freundlich model. The adsorp-
tion capacity (qmax) indicated by the Langmuir model is re-
duced with increment in temperature reflecting the exothermic
adsorption. The reduction of affinity between MCPA and
RHA is shown by decreasing values of constants, KL for the
Langmuir model and AT for the Temkin model with increase
in temperature. The dimensionless factor, [RL = 1 / (1 +
KLC0)], for Langmuir isotherms was determined for 50–

Fig. 4 Effect of particle size on removal ofMCPA at 100 mg/L, 720min,
and 303 K
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400-mg/L concentrations at three different temperatures and
was found in between 0 and 1, indicating a favorable adsorp-
tion ofMCPA onRHA in the temperature range of 303–328 K
(Deokar and Mandavgane 2015b). The thermodynamic prop-
erties (Wu et al. 2013) such as change in enthalpy (ΔH),
entropy (ΔS), and Gibbs free energy (ΔG) were calculated
by using Eqs. (7) and (8).

lnKd ¼ −
ΔH

RT
þ ΔS

R
ð7Þ

ΔG ¼ −RT lnKd ð8Þ

where Kd is an equilibrium distribution coefficient, and it is
calculated as a ratio of equilibrium concentration of adsorbate
in solid phase to liquid phase. R (8.314 J/mol K−1) is the gas
constant and T (K) is the absolute temperature. ΔH (–
14.392 kJ/mol) and ΔS (–30.804 J/mol) were determined
from the slope and intercept of the Van’t Hoff plot (lnKd

versus 1/T), respectively. The negative value of ΔH stands
for exothermic adsorption whereas the negative value of ΔS
suggests the favorable adsorption with no structural change at
the solid–liquid interface (Akhtar et al. 2007). ΔG values,
found to be –5.096, –4.505, and –4.352 kJ/mol at 303, 318,
and 328 K, respectively, are indicative of feasibility and spon-
taneity of adsorption.

Kinetic modeling

Adsorption kinetics elucidates the rate and detail mechanism
of the adsorption process. In this study, the kinetics of MCPA
adsorption is studied by applying the pseudo-first order
(PFO), pseudo-second order (PSO), and Elovich (EL) models
(Dutta et al. 2014). The plots of PFO (Eq. 9), PSO (Eq. 10),
and EL (Eq. 11) models are given Fig. 6.

qt ¼ qe 1−e−k1t
� � ð9Þ

qt ¼
k2q2e t

1þ k2qet
ð10Þ

qt ¼
1

β
ln αβtð Þ ð11Þ

where k1 (min–1), k2 [g/(mgmin)], andα [mg/(g min)] are rate
constants; β (g/mg) is the desorption constant; and qe is the
equilibrium capacity. The coefficient of determination (R2)
was found to be 0.981 for PFO, 0.999 for PSO, and 0.994
for EL models which suggests the best fitting of PSO and
EL models to the experimental data. The value of k2 was
calculated as 0.303 [g/(mg min−1)] whereas α and β was
31.14 [mg/(g min−1)] and 15.63 (g/mg), respectively. EL

Fig. 5 Isotherm models for adsorption of MCPA on RHA at 303 K

Table 1 Isotherm parameters with coefficient of determination for
MCPA adsorption on RHA at different temperatures

Isotherm models Parameters Temperature (K)

303 318 328

Langmuir qmax (mg/g) 1.681 1.521 1.490

KL (L/g) 0.052 0.043 0.042

R2 0.991 0.991 0.991

Freundlich n 3.13 2.90 2.68

KF [(mg/g)/(mg/L)1/n] 0.288 0.237 0.226

R2 0.978 0.966 0.969

Temkin AT (L/g) 1.220 0.768 0.710

bT (kJ/mol) 6.615 7.128 7.501

R2 0.990 0.990 0.995

Fig. 6 Plots of kinetic models for adsorption of MCPA on RHA
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model informs the heterogeneous surface of RHA indicating
the presence of active sites with different energies.

Packed bed adsorption

Effect of influent concentration

The influent concentration was increased from 50 to
150 mg/L at constant Q (1 mL/min) and Z (9.5 cm) in
packed bed adsorption. Results are plotted in the form of
BT curves in ESM 1: Fig . 3S (Supplementary
Information) which indicates the early saturation of the
RHA bed for higher C0. This is due to the limited adsorp-
tion sites for higher C0. Consequently, the steeper BT
curve is obtained at higher C0 leading to a reduction in
breakthrough and saturation times (ESM 1: Table 2S,
Supplementary Information). Adsorption becomes diffi-
cult at higher C0 as the saturation rate of the RHA bed
increases with C0. However, the bed capacities (qb, qs) in
Table 2S are enhanced at higher C0 due to the concentra-
tion gradient which offers greater driving force for mass
transfer. The slow approach of the BT curve in the satu-
ration stage of the column is attributed to the control of
intraparticle diffusion over mass transfer (Srivastava et al.
2008). The MTZ (Table 2S) is expanded with C0 due to
higher increase in qs than that of qb at constant Z. The bed
utilization is slightly decreased, but the percentage remov-
al is notably reduced with C0.

Effect of flow rate

The behavior of BT curves is studied by varying the flow rate
(Q) between 1 and 3 mL/min at constant influent concentra-
tion (100 mg/L) and bed height (6.5 cm). It can be observed in
Fig. 4S (ESM 1: Supplementary Information) that the extend-
ed BT curve is obtained for lower Q, resulting in higher ts and
qs. With increase in Q, the reduction in capacity and percent-
age removal (Table 2S) are ascribed to the insufficient resi-
dence time of MCPA in the RHA bed. However, the length of
MTZ is enhanced because of the increased mass transfer at
higher Q. Sotelo et al. (2012) has earlier reported a similar
behavior of MTZ in packed bed removal of pesticides using
activated carbon. Both the percentage removal and FBU are
inversely proportional to Q. It can be deduced from Table 2S
that the performance of the RHA column is better at lower
flow rate.

Effect of bed height

The BT curves in ESM 1: Fig. 5S (Supplementary
Information) are obtained for different Z at fixed C0

(100 mg/L) and Q (1 mL/min). With increase in bed
height, the surface area of adsorbent is increased which

leads to improvement in capacity as listed in Table 2S.
The residence time of MCPA molecules in the RHA bed
is longer for higher Z as the molecules have to pass
through a longer length of the bed. Therefore, the column
requires more time for saturation resulting in extended BT
curve at higher Z. Because of higher qb and qs, the length
of MTZ is significantly increased with Z. With expansion
of MTZ with Z, the bed utilization is considerably im-
proved, and therefore, the volume of MCPA solution
treated is also increased. By contrast, the narrow MTZ
for the lowest Z suggests efficient utilization of adsorbent,
which would facilitate easy regeneration of adsorbent
(Deokar and Mandavgane 2015a). However, qb is less
for lower Z due to axial dispersion, which controls the
mass transfer mechanism (Sotelo et al. 2012). This indi-
cates a shorter time for diffusion of MCPA molecules into
RHA. Therefore, the beds of increased height may be
recommended for better column performance.

Packed bed modeling

Bed depth service time model

The BDST model is based on surface reaction theory, and it
assumes negligible intraparticle diffusion and resistance to
external mass transfer. The BDST model given by Eq. (12)
is applied to experimental data obtained for variable Z at con-
stant C0 and Q.

t ¼ N 0

C0U 0
Z−

1

C0KBD
ln

C0

Ct
−1

� �
ð12Þ

where U0 (cm/min) is the linear flow velocity. The appli-
cation of the BDST model at 10, 50, and 90 % BT of
column is shown in Fig. 7. The sorption capacity, N0

(mg/L), is calculated from the slope and is found to be

Fig. 7 BDST model for MCPA adsorption on RHA
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668, 813, and 3019 for 10, 50, and 90 % BT, respectively.
The rate constant, KBD [L/(mg min−1)] determined from
the intercept is 1.20 × 10–3 at 10 % and 4.98 × 10–3 at
90 % BT. The values of R2 in Fig. 7 are slightly greater
for 10 and 50 % BT than for 90 % BT. This may be due to
intraparticle diffusion in the final stage of adsorption,
leading to uneven variation in 90 % BT with change in
Z. R2 values close to 1 indicate the fitting of BDST at 10,
50, and 90 % BT of column. The 10 and 50 % BT lines
are nearly parallel indicating a constant length of MTZ till
50 % saturation, after which MTZ is expanded due to
intraparticle diffusion.

Application of the Bohart–Adams model

According to the Bohart–Adams model, the adsorption rate is
proportional to the residual capacity of the adsorbent and the
concentration of adsorbate (Han et al. 2009). This model was
previously used to explain the behavior of the BT curve in the
initial stage of adsorption (Han et al. 2009). Here, Eq. (13)
shows the Bohart–Adams model applied when BT of the
RHA column reaches 60 %. Comparison between experimen-
tal and predicted curves for this model is given in Fig. 8.

ln
Ct

C0

� �
¼ KABC0t−KABN0

Z

U0

� �
ð13Þ

The kinetic constant [KAB, L/(mg min−1)] and sorption
capacity (N0, mg/L) are given in ESM 1: Table 3S
(Supplementary Information). The sorption capacity (N0)
shown in Table 3S is directly proportional to C0 and Z and
inversely proportional to Q. The gradient at higher C0 and
surface area of RHA for higher Z are responsible for greater
capacity. The lessening capacity with flow rate is due to the
insufficient residence time for adsorption. The deviation be-
tween experimental and predicted values of (Ct/C0) is calcu-
lated using Marquardt’s percent standard deviation (MPSD),
expressed in Eq. (14), and that between tb values using

percentage deviation Є, expressed in Eq. (15) (Srivastava
et al. 2008). From the values of MPSD and Є in Table 3S,
the good agreement between experimental and predicted re-
sults can be observed for few packed bed experiments.

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N−P

X Ct
C0

� �
expt:

− Ct
C0

� �
pred:

Ct
C0

� �
expt:

0
B@

1
CA

2
vuuuut ð14Þ

ε ¼ 100
tbexpt−tbpred

tbexpt

� �
ð15Þ

Application of Thomas model

The adsorbent capacity and BT curve are necessary for suc-
cessful design of continuous adsorption process (Preetha and
Viruthagiri 2007). These requirements can be accomplished
by using the Thomas model. This model assumes second-
order reversible reaction kinetics and the Langmuir isotherm;
however, sorption is governed by not only chemical reaction
kinetics but also interface mass transfer (Preetha and
Viruthagiri 2007). This discrepancy may lead to some errors
in certain conditions of packed bed adsorption. The Thomas
model (Eq. 16) is applied to data in a range of 0.01 < (Ct/C0) <
0.97, and predicted BT curves (Fig. 9) are obtained.

ln
C0

Ct
−1

� �
¼ KTq0m

Q
−KTC0t ð16Þ

The adsorption capacity (q0, mg/g) and kinetic constant
[KT, L/(mg min−1)] are listed in Table 3S. The capacity is
enhanced with C0 and Z whereas the kinetic constant is re-
duced with C0 and Z. But the increment in Q shows reduction
in capacity and growth in kinetic constant. A similar change in
capacity and kinetic constant with change in C0, Q, and Z was
previously reported by ( Aksu 2004). The deviation values in

Fig. 8 Comparison between experimental and predicted breakthrough curves using Bohart–Adams model. aQ=1mL/min, Z = 9.5 cm; bC0 = 100 mg/
L, Z = 9.5 cm; c Q=1 mL/min, C0 = 100 mg/L
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Table 3S indicate close approximation between experimental
and predicted values for all experimental conditions although
the greater deviations are evident at highest C0, Q, and Z (expt.
no. E4, E6, E9). The higher values of deviations may be due to
the discrepancy which appeared while considering the as-
sumptions in deriving the model.

Application of Yoon–Nelson model

The Yoon–Nelson model (Nethaji et al. 2013) (Eq. 17) is
applied to experimental data for the 0.01 < (Ct/C0) < 0.97
range to predict the time necessary for 50 % saturation of
the column. The Yoon–Nelson model is simpler and does
not require any detailed data pertaining to adsorbate char-
acteristics, adsorbent type, and physical properties of ad-
sorbent bed (Deokar and Mandavgane 2015a).

ln
Ct

C0−Ct

� �
¼ KYN t−t0:5KYN ð17Þ

where KYN (min−1) is the kinetic constant and t0.5 (min) is
the time necessary for 50 % saturation of the column. The
kinetic constant, KYN, in Table 3S is augmented due to
driving force for mass transfer at higher C0 and Q. At
higher Z, MCPA molecules have to travel a longer path

through the bed; therefore, the reduction of kinetic con-
stant at higher Z is observed (Aziz et al. 2014). The BT
curves predicted by the Yoon–Nelson model are compared
with experimental BT curves in Fig. 10. Both the experi-
mental and its predicted curves appear identical till Ct/
C0≈ 0.85 for all experimental condition. The MPSD and
Є values for Yoon–Nelson (Table 3S) are smaller than
those for former packed bed models.

Application of deactivation kinetic model

The initial sorption rate and deactivation rate in case of gas–
solid (packed bed) adsorption are usually determined by de-
activation kinetic model (Hong et al. 2014). The model is
based on isothermal, pseudo-steady-state conditions, negligi-
ble axial dispersion, and mass transfer resistance. In this mod-
el, single activity term is used to denote the effect of factors
like pore structure, active surface area, and activity per unit
area of adsorbent. In this study, Eq. (18) is applied for com-
plete saturation of the RHA column and model parameters
(Table 3S) are determined.

Ct

C0
¼ exp

1−exp k0B 1−exp −kdtð Þ½ �ð Þ
1−exp −kdtð Þ exp −kdtð Þ

	 

ð18Þ

Fig. 9 Comparison between experimental and predicted breakthrough curves using Thomas model. a Q=1 mL/min, Z = 9.5 cm; b C0 = 100 mg/L,
Z = 9.5 cm; c Q=1 mL/min, C0 = 100 mg/L

Fig. 10 Comparison between experimental and predicted breakthrough curves using Yoon–Nelson model. aQ=1mL/min, Z = 9.5 cm; bC0 = 100 mg/
L, Z = 9.5 cm; c Q=1 mL/min, C0 = 100 mg/L
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The initial sorption rate, k0 [mL/(g min−1)] (Table 3S),
is distinctly increased with Q whereas it is decreased with
Z. The change in sorption rate is more significant for Q
and Z than for C0 due to simultaneous change in effluent
concentration and weight–time factor (B =m/Q). It can be
seen in Table 3S that the deactivation rate constant, kd
(min−1), is higher for higher C0 and Q at constant Z since
the number of MCPA molecules adsorbed are higher on
fixed number of adsorption sites. But deactivation con-
stant is reduced due to increasing number of sites with
increase in Z at constant C0 and Q. Fig. 11 compares
the BT curves predicted by the deactivation kinetic model
with experimental BT curves which indicates the parity
with the Yoon–Nelson model.

Comparison of packed bed models

The R2 values (∼1) (Fig. 7) suggest the fitting of the BDST
model for packed bed adsorption of MCPA on RHA. The
results predicted by the BDST model inform that the length
of MTZ is increased after 50 % BT. Among the other consid-
ered packed bed models, the values of deviations (MPSD and
Є) indicate the aptness of the Bohart–Adamsmodel for certain
experiments only. On the other hand, the Thomas model is
appropriate for experiments performed at lower operating
values of C0, Q, and Z. The least values of MPSD and Є
clearly suggest the best fitting of Yoon–Nelson and deactiva-
tion kinetic models for complete saturation of column for all
experiments. Therefore, in addition to conventional packed

Fig. 11 Comparison between experimental and predicted breakthrough curves using deactivation kinetic model. a Q=1 mL/min, Z = 9.5 cm; b
C0= 100 mg/L, Z = 9.5 cm; c Q=1 mL/min, C0 = 100 mg/L

Table 2 Comparison of
adsorption capacity of different
adsorbents for MCPA

Adsorbent Capacity
(mg/g)

Surface area
(m2/g)

Capacity

(mg/m2)

Reference

Filtrasorb-400 (GAC, F-400) 0.72 800 0.0009 (Cho et al. 2006)

Carbon black 37.1 137 0.271 (Nyazi et al. 2005)

Activated carbon 94.3 1225 0.077 (Pérez et al. 2012)
Activated carbon 94.1 1201 0.078

Norit 0.8 133.61 1150 0.116 (Gimeno et al. 2003)
Aquacarb 207C 117.65 1150 0.102

Aquacarb 208A 106.167 1250 0.085

Aquacarb 208EA 105.26 1250 0.084

Mg–Al–Cl–LDH 100 44 2.27 (Inacio et al. 2001)
Mg–Al–CO3–LDH 16 83 0.192

Mg–Al–CO3–water/ethylene
glycol–LDH

70 135 0.519

Mg–Al–CO3–water/
acetone–LDH

36 95 0.379

Activated spent bleaching earth 16.05 207 0.077 (Mahramanlioglu et al. 2003)
Activated spent bleaching earth 3.009a 207 0.015a

Polymer resin 56.71a 1300 0.044a (Vergili and Barlas 2009)

RHA 1.681 33.61 0.050 Present study

RHA 2.480a 33.61 0.073a Present study

a Packed bed capacity
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bed models, the deactivation kinetic model can be proposed
for solid–liquid adsorption.

Comparison of adsorption capacities of different adsorbents

In Table 2, the adsorption capacity of various adsorbents
reported in literature for MCPA removal is compared with
the present adsorbent. However, it can be observed that
the batch adsorption capacity (mg/g) of RHA is ∼2.3
times greater than that of granular-activated carbon
(GAC, Filtrasorb F-400). Besides, the batch adsorption
capacity (mg/m2) based on the surface area is ∼55.55-fold
higher for RHA than for GAC. Additionally, the RHA
batch capacity (mg/m2) is equivalent to that of few adsor-
bents such as activated carbon, aquacarb 208A, aquacarb
208EA, and activated spent bleaching earth. The packed
bed capacity (mg/m2) of RHA is greater than that of acti-
vated spent bleaching earth and polymer resin. Though
the adsorption quantity (mg/g) of RHA is less, the advan-
tage of this adsorbent is low cost, and this shows that it is
still competitive for other adsorbents.

Conclusions

Adsorption capacity of RHA is greater than GAC and is
equivalent with some of the adsorbents previously report-
ed for MCPA removal. Adsorption kinetics obeys pseudo-
second order and Elovich models suggesting the hetero-
geneous surface of RHA. The fitting of Langmuir iso-
therm infers the favorable adsorption in the temperature
range of 303–328 K. The feasibility and spontaneity of
adsorption are indicated by negative values of ΔG where-
as the exothermic adsorption is indicated by negative val-
ue of ΔH. Bigger particles of RHA have higher BET
surface area together with smaller silica to carbon ratio;
therefore, the removal of MCPA is more on bigger parti-
cles than on smaller particles. The adsorption capacity of
RHA in packed bed study is higher than in batch, indicat-
ing the effect of continuous contact between RHA and
MCPA. The MTZ in packed bed adsorption does not
move with constant velocity resulting in inconstant bed
utilization. The application of packed bed models demon-
strates the aptness of deactivation kinetic, Yoon–Nelson,
and BDST models. Therefore, along with conventional
packed bed models, deactivation kinetic model is recom-
mended for solid–liquid adsorption.
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