Int. J. Environ. Sci. Technol. (2014) 11:1043-1050
DOI 10.1007/s13762-013-0278-0

ORIGINAL PAPER

Application of dried plant biomass as novel low-cost adsorbent
for removal of cadmium from aqueous solution

A. Dubey - A. Mishra - S. Singhal

Received: 31 December 2011/Revised: 3 June 2012/ Accepted: 16 March 2013 /Published online: 16 April 2013

© Islamic Azad University (IAU) 2013

Abstract Heavy metals are a threat to human health and
ecosystem. These days, great deal of attention is being
given to green technologies for purification of water con-
taminated with heavy metal ions. Biosorption is one among
such emerging technologies, which utilizes naturally
occurring waste materials to sequester heavy metals from
wastewater. Cadmium has hazardous impact on living
beings; therefore, its removal through green and econom-
ical process is an important task. The aim of the present
study was to utilize the locally available Portulaca olera-
cea plant biomass as an adsorbent for cadmium removal
from aqueous solution. The biomass was obtained after
drying and grinding the portulaca leaves and stem. No
chemical treatment was done on the adsorbent so that it
remained green in a true sense. Batch experiments were
performed at room temperature. The critical parameters
studied were effects of pH, contact time, initial metal ion
concentration and adsorbent dose on the adsorption of
cadmium. The maximum adsorption was found to be 72 %.
The kinetic data were found to best fit the pseudo-second-
order equation. High adsorption rates were obtained in the
initial 45 min, and adsorption equilibrium was then
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gradually achieved in about 100 min. Adsorption increased
with increase in pH for a range 2 and 6. The equilibrium
adsorption results closely followed both the Langmuir and
Freundlich isotherms. The values of constants were cal-
culated from isotherms. Results indicated that portulaca
plant biomass could be developed as a potential material to
be used in green water treatment devices for removal of
metal ions.

Keywords Batch experiment - Isotherms - Portulaca
oleracea - Pseudo-second-order equation

Introduction

Water pollution due to toxic heavy metals has been a major
concern for scientists. Metals can be distinguished from
other toxic pollutants, since they are non-biodegradable,
and can be concentrated and accumulated throughout the
food chain and tissues. A variety of industries are respon-
sible for the release of heavy metals into the environment
through their effluents.

Cadmium [Cd(I)] is a non-essential and a non-biode-
gradable metal ion which slowly accumulates in the body
of living creatures, usually through food chain. It is one of
the metals with the greatest potential hazard (Akar and
Tunali 2006). Cadmium enters in the water bodies through
wastes generated from industrial processes such as casting
of various cadmium alloy products, coating telephone
cables, ceramics, metal electroplating, plastic manufactur-
ing, metallurgical processes, industries of pigments and
Cd/Ni batteries (Volesky 1992; Cheremisinoff 1995).
Cadmium is also found in domestic products like tobacco
products, phosphate fertilizer, polyvinyl chloride (PVC)
products, photo cells, petrol, oils, etc. (Sitting 1991).
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Due to the toxicity and bioaccumulation of heavy
metals various governmental agencies have imposed strict
environmental legislations on waste water discharge.
Government of India, has set Minimal National Standards
(MINAS 2001) of 0.2 mg/l for Cd(Il) for safe discharge
of the effluents containing this metal ion into surface
waters. Cd(II) is considered as a priority pollutant by the
US Environmental Protection Agency. Environmental
agencies set permissible limits for their respective levels
in drinking water and other types of waters (Vander
Leeden et al. 1990). The permissible limit for Cd(II) as
described by WHO is 0.005 mg/l (WHO 1971). This
value is considered as the threshold for the protection of
public health.

Cadmium (Cd) is extremely toxic in relatively low dose
(Xiong et al. 2009). It is an irritant to the respiratory tract.
The harmful effects of cadmium include number of acute
and chronic disorders (Cheremisinoff 1995). “Itai-Itai”
disease in Japan due to cadmium toxicity is well known.
Cadmium is also responsible for kidney damage, renal
disorder, high blood pressure, destruction of red blood cells
(Drash 1993), pulmonary emphysema, hypertension (Cay
et al. 2004) and bone diseases (osteomalacia, osteoporosis)
(Thun et al. 1985). Prolonged exposure to this pollutant can
cause anemia and a yellow stain that gradually appears on
the joints of the teeth.

There are several methods to treat the contaminated
water; the selection of the treatment methods is based on
the level of the waste and the cost of treatment (Ajmal et al.
2003). Conventional methods for the removal of the heavy
metal ions from wastewaters include chemical precipita-
tion, electro flotation, ion exchange, reverse osmosis and
adsorption onto activated carbon. These methods have been
found to be limited, since they often involve high capital
and operational costs, incomplete removal (Brown et al.
2000), and may be associated with the generation of sec-
ondary waste which is again to be treated or to be safely
disposed off (Chandra et al. 2003).

Adsorption is very economical and effective process
(Park et al. 2007; Dubey and Shiwani 2012). Adsorption
has advantages over the other methods because of its
simple design with a sludge-free environment and can
involve low investment in terms of both initial cost and
land required. Activated carbon has been recognized as a
highly effective adsorbent for the removal of heavy metal
ion from the concentrated and dilute metal-bearing efflu-
ents (Netzer and Hughes 1984; Reed et al. 1994). The high
cost of activated carbon has prompted a search for cheaper
substitutes. Many studies are recently devoted to use dif-
ferent adsorbent materials in processes involving the
removal of Cd(II) ions from aqueous effluents with the aim
of finding cheaper replacements for expensive conven-
tional sorbent materials in different situations.
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Natural materials that are available in large quantities
and certain wastes from agricultural operations have
potential to be used as low-cost adsorbents, as they repre-
sent unused resources, widely available and are environ-
mentally friendly (Deans and Dixon 1992). Many
investigators have used inexpensive sorbent materials such
as cassava waste (Horsfall and Abia 2003), waste material
(Ulmanu et al. 2003), rice polish, and waste tea
(Alhluwalia and Goyal 2005).

The efficiency of some plant materials to remove metals,
which commonly occur in industrial effluents, has been
studied. Among many adsorbents naturally available plant
biomass can be used as an inexpensive method for metal
ions removal from synthetic solutions and industrial
effluents (Manal 2007) olive cake (Al-Anber and Matouq
2008), barley straw (Pehlivan et al. 2009), Typha leaf
powder (Abdel-Ghani et al. 2009), neem bark (Naiya et al.
2009), mangosteen (Zein et al. 2010) coffee ground (Az-
ouaoua et al. 2010), peanut shell (Witek-Krowiak et al.
2011) plant material (Dubey and Shiwani 2012) has been
used for such removals. The effects of factors such as
contact time, pH and initial metal ion concentration were
investigated (Babarinde et al. 2007; Akar and Tunali 2006;
Sawalha et al. 2006; Wang and Chen 2006).

Present work deals with the evaluation of efficiency of
portulaca plant biomass (PPBM), obtained from its leaves
and stems, as adsorbent for Cd(II) ions removal from water
samples. The plant was easily available and therefore used
as a low-cost adsorbent in this study. This adsorbent, as a
natural organic matter obtained from dried plant and used
without any chemical treatment, is completely chemical
free, green and environmental friendly. It has great
potential to be used as adsorbent for heavy metals. Batch
experiments were done to study the effects of variables
such as contact time, pH, initial metal ion concentration
and PPBM dose on Cd(II) removal. The applicability of
different isotherm equations were tested by the data
obtained and kinetics of adsorption was also studied. Pro-
cess used in the present study is rather simple, cost-effec-
tive and easy to extrapolate at larger scale for a practical
application of the removal of heavy metal ions.

This work was done at MMH College, Ghaziabad, India,
and was completed in August 2011.

Materials and methods
Adsorbent

Portulaca plant biomass (PPBM) is used in the present
study. Portulaca olerecea is a herbaceous weed. Phyto-
chemical screening of plant revealed the presences of many
biologically active compounds such as alkaloids,
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carbohydrates, flavonoids, amino acids, proteins, steroids,
saponins, fixed oils, tannins and phenolic compounds
(Kokate 1986; Harbone 1998). Due to the presence of
many functional groups, this plant material can be used as
good adsorbent for removal of cations and anions from
aqueous solutions.

Portulaca plant was collected from the local gardens.
The collected material was washed several times by tap
water to remove all the dirt and any other extraneous
depositions. This material was again thoroughly washed
with double distilled water. Material was sun dried for
10 days, and then in microwave for about 30 min in a
LG make domestic microwave oven having temperature
range 40-100 °C (magnetrons are set at a frequency of
2,450 MHz) (LG microwave appliance model no. MS-
285SD; Korea). This dried material was then ground and
sieved to uniform size particles (~355 pm). No other
chemical treatment was done. Powdered material (PPBM)
was kept in air tight containers and used when required.

Adsorbate

All the chemicals used in experiments were of analytical
grade. A stock solution was prepared by dissolving 1,000 mg
of cadmium nitrate (Merck) in one liter of double distilled
water. The stock solution was diluted and used for different
concentrations of cadmium ions required for the experiments.

Batch adsorption studies

Batch adsorption studies were carried out by adding a
known weight of PPBM to a 200 ml solution of metal ion
under different test conditions. The uptake capacity of
Cd(I) was studied. The effect of solution pH, contact time,
initial metal ion concentration, and dose of PPBM were
studied by varying any one of the process parameter and
keeping the other parameters constant. The adsorption
experiments of Cd(I) were conducted at 27 °C in a
thermostated water bath shaker at 100 rpm speed. The

Fig. 1 Effect of pH on 80
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adsorbent was separated from the solution by filtration with
Whatman filter paper number 41 followed by centrifuga-
tion at 3,000 rpm for 10 min. The residual metal ions were
analyzed using an atomic adsorption spectrophotometer
(GBC Avanta). Adsorption data obtained were applied for
testing the applicability of different isotherms equations.
Blank samples were also run under similar conditions.
Each of the studies was conducted in triplicates and the
mean value was used for calculations.

Kinetics experiments

Cd(II) ions solution with a concentration of 500 ppm was
taken for the study. The initial pH of the solution was
adjusted to 6. An accurately weighed amount of PPBM
(1.5 g) was added and the flask was agitated in the
thermostated water bath. The temperature of the solution
was kept constant at 27 °C. Samples were withdrawn from
the solution at definite time intervals until equilibrium was
reached. The residual metal ion concentration was calcu-
lated as mentioned earlier. Data obtained were applied to
different kinetic equations.

Results and discussion
Effect of pH

pH governs both the speciation of metals and the dissoci-
ation of active functional sites on the adsorbent (Azouaoua
et al. 2010). It is one of the most important factor affecting
metal adsorption onto adsorbent, as hydrogen ions compete
with the adsorbate (Prasanna Kumar et al. 2007). Studies
were conducted by keeping the metal ion concentration
constant at 500 ppm and varying the amount of adsorbent
(PPBM) from 0.25 to 1.5 g. The pH of each of the solutions
was adjusted to the desired value by adding 0.1 M HCI or
0.1 M NaOH solution. The effect of pH (range 2-7) on
adsorption of Cd(II) ions is shown in Fig. 1. Adsorption
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increased with increase in pH until it reached a maximum
at pH 6.

It may be due to the fact that active adsorption sites
remain protonated at low pH, and become less available for
metal ion adsorption. As pH increases, the concentration of
H™ ions decreases, hence they do not compete with metal
ions on the adsorption sites, the more adsorbent surface
with negative charge will easily attract the positively
charged Cd(II) ions (Brady and Duncan 1994). Optimum
pH was found to be 6 for further experiments. At higher pH
cadmium hydroxide starts precipitating from the solution,
making actual adsorption studies impossible (Ajmal et al.
2003). This result confirms the earlier report that the
adsorption is pH-dependent (Pavasant et al. 20006).

Effect of contact time

Contact time is an important factor for economical
adsorption. The adsorption of Cd(II) ions was studied as a
function of time (15-100 min). Test solution was prepared
by keeping the Cd(II) ion concentration constant
(500 ppm) and varying the adsorbent dose (PPBM) from
0.25 to 1.5 g. The pH of the solution adjusted to optimum
pH value obtained from experimental data, i.e., 6. The
results are shown in Fig. 2. It is observed from the figure
that the percentage adsorption of Cd(II) ion increased with
increase in contact time. Initially adsorption was rapid; it
may be due to more active binding sites present on the
adsorbent in the beginning. It became slower after some
time; it might be due to lesser number of available active
binding sites on the adsorbent. The adsorption reached
equilibrium within 100 min. This period of 100 min was
therefore used for the other adsorption experiments.

The adsorption of metal ions has been reported to be
biphasic (Liu et al. 2006). The initial fast phase occurs due
to surface adsorption on the adsorbent. This might be due to
availability of higher number of active adsorption sites on
the surface of adsorbent. Adsorption became slower in the
second phase because of lesser number of available active

ﬁ @ Springer

Time (min)

sites; adsorbate was transported from the outer surface to
the inner surface of the adsorbent particles. It is observed in
Fig. 2 that the metal adsorption rate is high initially, with
maximum adsorption in 100 min. The results are consistent
with studies reported earlier (Low et al. 2000).

The optimum operating conditions for batch process can
be generated from the information on the kinetics. The
adsorption rate was observed to be very high initially and
thereafter the reaction proceeds at a slower rate until
100 min and then it almost stayed constant.

Kinetic modeling

We attempted to analyze the adsorption data using pseudo-
first-order and pseudo-second-order kinetic models. Lag-
ergren pseudo-first-order model assumes that the rate of
occupation of sorption sites is proportional to the number
of unoccupied sites (Cruz et al. 2004), i.e., rate of change
of solute uptake with time is directly proportional to the
difference in the saturation concentration and the amount
of solid uptake with time. The general form of this model is
expressed as

%:

B ki(qe — q1)

qe and g; are amount of adsorbate (mg/g) at time ¢ and at
equilibrium, respectively. k; is the rate constant of pseudo-
first-order adsorption. Integrated form of equation is

q: kit kit
o 1 — =" or log(ge — q:) = log ge ~ 530"

Linear plot of log(ge —¢q;) versus t shows the
applicability of pseudo-first-order kinetic = model
(Lagergren and Vetenskapsakad 1898; McKay 1996; Ho
and McKay 1999). The rate constant k; and equilibrium
amount of metal ion ¢, can be obtained from the slope and
the intercept of plot (Fig. 3). Correlation coefficient for the
pseudo-first-order was 0.955. The calculated value of k;
and g. was 0.05 min~' and 73.11 mg g~ ', respectively.
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Fig. 3 Pseudo-first-order kinetics plots for the adsorption

The pseudo-second-order model (Ho and McKay 1999)
is based on sorption capacity of solid phase.

d

%:b(%_%)z
where k, is rate constant of pseudo-second-order
adsorption (g mg~' min~'). Integrated linear form of

equation is

t 1 t

o kg

This is the linear form of Ho second-order model. The
plot of t/g, versus ¢ (Fig. 4) shows the kinetic data of
adsorption of cadmium ions on the adsorbent. The good fit
of kinetic data in second-order rate expression shows
excellent linearity with high correlation coefficient R. The
rate constant k, and equilibrium amount of metal ion g, can
be obtained from the slope and the intercept of plot
(Fig. 4).

The value of kp,q. was calculated as 0.0004
(g mg~' min™"), 71.4286 (mg g~ "). The correlation coef-
ficient for the pseudo-second-order was 0.991. The kinetic
plots of #/g, versus t at different metal ion concentrations
are presented in Fig. 4 which shows relationship is linear;
and high value of correlation coefficient explains that the
process follows the pseudo-second-order model in com-
parison to pseudo-first-order model.

Effect of adsorbent dose and initial cadmium ion
concentration

Adsorbent dose has a significant influence on the adsorp-
tion, as it determines the capacity of an adsorbent for a
given initial concentration of the adsorbate at the given
operating conditions. Batch adsorption study was carried
out using 200 ml aqueous solution of cadmium ions
(concentration range of 100-500 mg/l). PPBM doses range
from 0.25 to 1.5 g at pH 6 for each concentration of metal
ions studied at 27 °C for 100 min. Percentage removal of
Cd(II) ions for different sets is shown in Fig. 5.
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o // 300 mg/l
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Fig. 4 Pseudo-second-order kinetics plots for adsorption at different
cadmium ion concentration

It is clear from the data obtained as shown in Fig. 5 that
the removal efficiency is generally improved with the
increasing amount of adsorbent. As adsorbent dose is
increased more surface area is available for adsorption due
to increase in active sites on the adsorbent. Our results
showed that the maximum removal was obtained for 1.5 g
of adsorbent in all the experiments, which is used as
optimum dose for all other experiments.

As shown in the Fig. 5, the change of initial metal ion
concentration has a significant effect on adsorption. The
effect of initial Cd(II) concentration on the adsorption
capacity shows that maximum 72 % of the metal ion was
adsorbed at the initial metal ion concentration of 500 mg/1.

Initially the adsorption increases as the initial metal ion
concentration increases after that it became constant.
Results indicate that as the initial Cd(II) ions is increased,
metal ion intake tends to saturate. Similar trend has been
reported by many other workers (Brown et al. 2001;
Al-Subu 2002). The gradual increase in the efficiency of
the adsorbent with the increase of metal ion concentration
shows the saturation of the available binding sites.

Equilibrium modeling

An adsorption isotherm is characterized by certain con-
stants; their values express the surface properties and

80
. //‘—*’—’—‘
* -_./-/./-
= .
=
g 5o / —e—500 mg/I
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§ 40 ——400 mg/|
= 30 300 mg/!
& 20 —<—200mg/I
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Fig. 5 Effect of adsorbent dose (at different metal ion concentration
mg/l) on adsorption
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Fig. 6 Langmuir adsorption isotherm

affinity of the adsorbent. The experimental data for the
uptake of cadmium ions were applied to both the Freund-
lich and Langmuir isotherm models as shown in Figs. 6
and 7, respectively. The data fit well into both the iso-
therms. These Freundlich and Langmuir parameters com-
pare well with those of other adsorbents that have been
reported (Akar and Tunali 2006) The values of the
parameters show that PPBM is a good adsorbent for the
uptake of Cd(II) from aqueous solution.

The Langmuir expression is valid for monolayer
adsorption onto a surface with finite number of identical
sites (homogenous) without any interaction between
adsorbed ions. The Langmuir expression or equilibrium ion
removed is given by:

TR
Q. gbC. ¢

where Q. is Cd(I) ions concentration at equilibrium
(mg/g); g, maximum metal uptake per unit mass of PPBM
(mg/g) adsorption capacity; b, Langmuir constant (L)
related to energy of sorption; C., concentration of Cd(I)
ions in aqueous phase. b reflects quantitatively the affinity
between the PPBM and Cd (I) ions. The values of g and b
are the characteristics of the Langmuir model. They can be
determined by linearizing above equation.

C. 1 n 1
Qe qb qCe

1.800
1.600 y=1.486x- 1.631

1.400 R?=0.924 ‘
1.200 74

1.000

log Qe
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log Ce

Fig. 7 Freundlich adsorption isotherm
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A plot of 1/Q, versus 1/C, gives a straight line of slope
1/gb and intercept 1/(q). The value of Q. is given from the
following equation:

Q. = (G = Ce)/(m/v)

where C; is the initial concentration of Cd(II) ions in the
solution (mg/l); C., concentration of Cd (II) ions at equi-
librium; v, initial volume of Cd(II) ions solution used (1);
m, mass of PPBM used (g).

Figure 6 shows the compiled results for Langmuir iso-
therm. The result of regression analysis for calculating the
parameters of Langmuir shows that ¢ is 43.480 mg g~ ' and
adsorption equilibrium constant is 0.003 1 mg ™.

The Freundlich expression is an empirical equation
based on adsorption on a monolayer heterogeneous surface
with interactions between adsorbed molecules and was
used to estimate the adsorption capacity and intensity of
metal ions towards the adsorbent.

Freundlich isotherm: Q. = KCé/ " K is the Freundlich
constant indicating the adsorption capacity and n is the
Freundlich constant, indicating the adsorption intensity.

The above equation is rearranged in linear form to give:

log Q. = logK + 1/nlog C.

where K and n were determined from the intercept and
slope, respectively, from the plot of log Q. versus log C..
Calculation from Freundlich equation, value of K is
42.756 mg/g and value of n is 0.673. Results are repre-
sented in Fig. 7.

The coefficient of co-relation (R?) was found to be as
high as 0.984 and 0.924 for Langmuir and Freundlich
isotherm, respectively, for the adsorption of cadmium ions.
These results showed that the equilibrium adsorption data
conformed well to both the isotherms, however, higher

Table 1 Comparison of adsorption capacity of various adsorbents
for Cd(II) ions

Adsorbent g (mg g~') Reference

Rice husk 2 Ajmal et al. (2003)

Sugarcane bagasse 24.7 Krishnan and Anirudhan
(2003)

Tree fern 16.3 Hoa and Wang (2004)

Green coconut shell 285.7
Waste Chinese herb 17.5
Olive cake 65.4
Exhausted olive cake 7.32

Pino et al. (2006)

Liu et al. (2006)

Al-Anber and Matouq (2008)
Elouear et al. (2008)

Micro-particles of dried 11-28 Benhimaa et al. (2008)
plant

Cashew nut shell 14.29 Tangjuank et al. (2009)

Coffee grounds 15.65 Azouaoua et al. (2010)

Mangosteen 3.15 Zein et al. (2010)

Present study 43.48
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value of R? indicates Langmuir as more favorable model.
The essential characteristic of Langmuir isotherm can be
shown in terms of Ry (dimensionless separation parameter)
which is indicative of isotherm shape that predicts whether
an adsorption system is favorable or unfavorable. Ry is
defined as (Webi and Chakravort 1974)

R = 1/(1 4+ bCy)

where b is Langmuir constant and C is initial concentra-
tion of Cd(Il) ion. The adsorption process as a function of
R; may be described as (Chakravarty et al. 2008) if R, > 1
unfavorable, Ry = 1 linear condition, 0 < Ry < 1 favor-
able condition, Ry = 0 irreversible condition. Ry lies
between 0 and 1 which is 0.429 indicates the favorable
adsorption of Cd(II) ions. Table 1 shows the comparative
adsorption capacity of various adsorbents.

Conclusion

From the present investigation, we can conclude that the
low-cost natural adsorbent dried portulaca biomass PPBM
was a true green adsorbent that can efficiently remove
cadmium ions present in the aqueous solution. The removal
% of the cadmium ions was dependent on the pH, contact
time, initial cadmium ion concentration and adsorbent
dose. Results showed that adsorption was a pH-dependent
process and the maximum adsorption occurs at pH 6.
Equilibrium was attained in 100 min. Kinetic data were
successfully described by a pseudo-second-order model.
Adsorption isotherms were modeled using the Langmuir,
Freundlich models. Based on the correlation coefficients,
the Langmuir model adequately described the adsorption of
Cd(I) under all examined conditions. All results showed
that portulaca plant biomass is an attractive alternate low-
cost adsorbent for removal of cadmium ion from aqueous
solution. This new green material (PPBM) obtained from
portulaca plant was found to be an effective, economical
and environmentally friendly adsorbent for the removal of
cadmium ions from aqueous solution and may potentially
be used for removal of other heavy metal ions too.
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