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ABSTRACT

This study described the removal of Ag(I) from wastewater using macrofungus Pleurotus platypus in a
packed bed column. The effect of operating parameters such as bed height, flow rate and initial metal
concentration were investigated on removal of Ag(I) under optimized condition. The breakthrough curve
profile signified that the breakthrough time and exhaustion time increased with an increase in bed height and
a decrease in flow rate and initial metal concentration. The data were supported by 3D mesh diagrams and
perturbation plots obtained from 2D factorial design. The column data were analysed using four models viz.,
BDST model, Emperical model, Thomas model and Yan model. The BDST model was found to be the best
to fit the breakthrough curves at experimental conditions. The column was regenerated using 0.01 M HCl
solution and sorption-desorption studies were carried out for three cycles. The obtained results implied that
P. platypus may serve as suitable adsorbent material for the removal of Ag(I)  from wastewater.
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INTRODUCTION

Silver is a metal of economic interest and widely used in vari-
ous industries viz., electroplating, photographic, imaging in-
dustries, etc. for many years. Human exposure to silver and
silver compounds can occur orally, dermally, or by inhala-
tion. Numerous diseases and disorders in organisms are re-
ported to occur due to accumulation of silver ions through the
food chain of living organisms (Schmahl & Steinhoff 1960,
Rosenman et al. 1979, Rosenman et al. 1987). Accidental in-
gestion of silver nitrate may cause abdominal pain, diarrhoea,
vomiting, discoloration of skin, damage of the gastrointestinal
tract, respiratory irritation, shock, convulsions and death in
human (US-EPA 1985). Allergic responses have also been
noted due to dermal contact with silver (ATSDR 1990). There-
fore, the effective removal of Ag(I) from wastewater was rec-
ommended (Wen et al. 2002, Mack et al. 2007).

Various treatment processes such as chemical precipita-
tion, ion exchange, reductive exchange and electrolytic re-
covery are available for the removal of silver from
wastewaters (Lambert & Murr 1968). Although the conven-
tional methods can remove silver ions from the effluents,
techno-economic considerations limit the wide scale appli-
cation of these processes (Sonune & Grate 2004). Consider-
able attention has been paid to the development of a safe
technology which can reduce heavy metal concentrations to
environmentally acceptable levels at affordable cost (Crini
2005, Sud et al. 2008).

Biosorption, the most promising technology has been
used for the removal and recovery of precious metal ions
from aqueous solutions because of its high efficiency and
favourable economics (Das 2010). This technology can uti-
lize macrofungi, and of these, oyster mushroom (Pleurotus
platypus) has already been identified for its good biosorption
capacity for silver in our previous study (Das et al. 2010,
Das & Das 2011). Fruit bodies of macrofungi can be used as
biosorbents without the need for immobilization or sophis-
ticated reactor configuration which is generally needed in
case of microorganisms (Muraleedharan et al. 1994).

Most of the research involving biosorbents for metal re-
moval is based on batch equilibrium studies which provide
fundamental information about the effectiveness of metal
sorbent system. However, these data may not be suitable for
the continuous system where contact time is insufficient to
attain the equilibrium (Zulfadhly et al. 2001). For a continu-
ous process, a packed bed column is usually used and the
effectiveness of a biomass can be evaluated from the break-
through curve of the effluent concentration. A typical S-
shaped breakthrough curve is usually observed (Chu 2004).
In order to predict the breakthrough curve in adsorption proc-
ess in a packed bed, various mathematical models have been
used. As far as authors are aware, there is no report in the
literature regarding the silver adsorption equilibria in col-
umn mode which is most important in understanding the
biosorption process. Therefore, the objective of the present
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study was to investigate the equilibria information through
modelling and response surface methodology and evaluate
the performance of macrofungus as potential biosorbent in
column mode for wastewater treatment.

MATERIALS AND METHODS

Preparation of biosorbent: The biosorbent (fruit bodies of
Pleurotus platypus) were purchased from the mushroom farm
at Krishi Vigyan Kendra of Tamil Nadu Agricultural Uni-
versity at Virinjipuram, Vellore district, Tamil Nadu, India.
They were washed thoroughly with deionised water, dried,
pulverized and oven dried at 40°C for 24 h. Particles with
425-600 µm size were used for the experiment.
Preparation of stock solution: Stock solution (1000 mg/L)
of Ag(I) was prepared by dissolving required quantity of
AgNO3 in deionized water. The solution was diluted to pre-
pare the working solutions and pH of influent solution was
adjusted to 6.0 with a pH meter (Systronics, Model-MK VI)
by using 0.1 N HCl and/or 0.1 N NaOH.
Column experiments: Column studies were conducted in a
glass column having internal diameter 3 cm and height 15
cm) packed with biosorbent Pleurotus platypus. An initial
concentration of 300 mg/L Ag(I) was pumped  through the
column at a desired flow rate with a peristaltic pump
(RivotekTM) and  pH maintained at  6.0±0.3. The effect of
parameters viz., inlet flow rate (1, 3, 5 mL/min), bed height
(4, 8, 12 cm) and initial Ag(I) concentration (50-300 mg/L)
were studied and analysed. The effluent samples were col-
lected at regular time intervals and analysed for Ag(I) con-
centration using atomic absorption spectrophotometer
(Variam AA-240, Australia).

The total amount of Ag(I) biosorbed in the column (Mad)
was calculated from the area above the breakthrough curve
(outlet metal concentration versus time) which was further
multiplied by the flow rate. Uptake capacity (Q) of the
biomass was calculated by dividing the amount of Ag(I)
biosorbed (Mad) by the weight of the biosorbent (M). The
total amount of metal ions sent to the column and total metal
removal (%) was calculated following the standard proce-
dure (Vimala et al. 2011, Vinodhini & Das 2011).

The amount of Ag(I) desorbed (Md) was calculated from
the area below the desorption curve (outlet Ag(I) concentra-
tion vs. time) which was further multiplied by the flow rate.
The desorption efficiency was calculated using the follow-
ing equation:

                                                             M d    Desorption efficiency (%) =    ————     × 100
                                                             M ad

Modelling and analysis of column data: To analyse the
dynamic removal of Ag(I) in column mode, breakthrough

curves  (Ct / C0 vs. time) were drawn and the data were evalu-
ated with the help of various models viz., BDST model
(Zambrano et al. 2010), Emperical model (Ruiz et al. 2001),
Thomas model (Thomas 1948) and  Yan model (Yan et al.
2001).
Statistical analysis: To study the effects of various param-
eters on a particular response is time consuming for multiva-
riable system. Therefore, a statistical approach e.g., response
surface methodology (RSM) is needed to solve this prob-
lem. The steps involved in RSM include, (1) Design experi-
ments, (2) Response surface modelling through regression,
and (3) Optimization.

The present study was carried out to investigate the ef-
fect of flow rate (mL/min) (designated as factor A), bed
height (cm) (designated as factor B) and initial metal con-
centration (mg/L) (designated as Factor C) on breakthrough
time (min). Factor A was varied over two main levels, -1
and + 1 (1 and 5 mL/min) relative to the centre point de-
noted by 0 (3 mL/min), factor B was varied over the levels 4
cm (-1) and 12 cm (+1) relative to 8 cm (0), and factor C was
varied over the levels 50 mg/L (-1) and 250 mg/L (+1) rela-
tive to 150 mg/L (0) respectively as shown in Table 1. Four-
teen sets of experiments with 6 centre points were carried
out in replicates with appropriate combinations of all the
three factors in order to study the effect of each combination
on breakthrough time of Ag(I) removal by P. platypus. For
estimating the breakthrough time, statistical and graphical
analyses were done by Design Expert software package (Ver-
sion 8 Stat-ease Inc., Minneapolis, MN, USA). In order to
evaluate the statistical significance of the model, coefficient
of determination R2 and F  test analysis of variance (ANOVA)
were used as predicted by the software. A large F value indi-
cated that most of the variation in response could be explained
by the regression equation (Das et al. 2010b). The signifi-
cance of the statistical model was also determined by the
associated p-value. P values less than 0.05 indicate the sta-
tistical significance of the model (Dash & Gummadi 2007).
Range of predicted values at the design points are compared
to the average prediction error using adequate precision.
Model discrimination is indicated by ratio values greater than
4. The variation of data around the fitted model is well de-
scribed by lack of fit F test.

Table 1: Experimental ranges and levels of independent variables.

Independent variables Factor            Range  and Level

-1 0 +1
Flow rate (mL/min) A 1 3 5
Bed height (cm) B 4 8 12
Initial metal concentration(mg/L) C 50 150 250
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Treatment of wastewater in column mode: Silver-plating
wastewater collected from electroplating industry located at
Coimbatore containing 250 mg/L Ag(I) was used in this
experiment. pH of the wastewater was adjusted to 6.0 and
treated in the column packed with the biosorbent P. platy-
pus till the values reached the US-EPA standard (Ag: 0.1
mg/L). The treated samples collected from the exit were ana-
lysed for Ag(I) concentrations. The regeneration of the
biosorbent was performed using 0.01 M HCl at the flow rate
of 1 mL/min till the column reached exhaustion.

RESULTS AND DISCUSSION

Effect of bed height: In our previous study, the optimum
pH and temperature were maintained at 6.0 and 20°C during
biosorption of Ag(I)) onto P. platypus in batch mode (Das
et al. 2010a). Therefore, in the present study similar condi-
tions were maintained in column mode for the adsorption of
Ag(I). The effect of bed height on Ag(I) biosorption by P.
platypus was investigated by varying the bed height from 4
to 12 cm maintaining the flow rate and inlet Ag(I) concen-
tration  at 1 mL/min and 50 mg/L, respectively. The break-
through profile of Ag(I) biosorption at different bed heights
for a given flow rate is shown in Fig. 1.

The uptake capacity of Ag(I) was found to be identical
for different bed heights investigated (Table 2) due to the
dependence of uptake capacity on the amount of sorbent
available for sorption (Vijayaraghavan et al. 2005, Ghasemi
et al. 2011). It was observed that the breakthrough time (tb)
and the exhaustion time (te) increased with the increase in
bed height. High percentage of Ag(I) removal was noted at
maximum bed height.
Effect of flow rate: The effect of flow rates on Ag(I)
biosorption in packed bed column was investigated by vary-
ing the flow rate from 1 to 5 mL/min (Fig. 2). It was ob-
served that an increase in flow rate resulted in a decrease in
breakthrough and exhaustion times due to insufficient resi-
dence time of the metal ions in the column (Zambrano et al.

Table 2: Column data and parameters obtained at different bed heights
(Flow rate 1 mL/min;  Inlet Ag(I) concentration: 50mg/L).

Bed tb te Mtotal Mad q Percent
height (min) (min) (mg) (mg)  mg/g removal
(cm) of Ag(I)

4 100 170 9.5 7.66 22.53 80.62
8 150 210 11.0 9.02 23.12 81.99
12 210 280 16.5 14.0 23.42 85.30

Table 4: Column data and parameters obtained at different initial metal
concentrations (Bed height: 12 cm; Flow rate: 1 mL/min).

Bed tb te Mtotal Mad q Percent
height (min) (min) (mg) (mg)  mg/g removal
(cm) of Ag(I)

50 210 280 14.0 11.94 23.42 85.30
75 200 270 21.0 17.20 33.73 81.92
100 180 260 26.0 20.59 40.37 79.19
150 150 240 36.0 28.34 55.56 78.71
200 140 200 40.0 30.31 59.43 75.78
259 80 180 45.0 33.33 65.35 74.07

Table 3: Column data and parameters obtained at different flow rates (Bed
height: 12 cm;  Metal concentration: 50mg/L).

Bed tb te Mtotal Mad q Percent
height (min) (min) (mg) (mg)  mg/g removal
(cm) of Ag(I)

1 210 280 14.0 11.94 23.42 85.30
3 40 160 9.0  6.39 18.82 71.99
5 30 130 7.5  5.03 14.81 67.11

Table 5: 2D Factorial design experimental run table of three factors along
with experimental and predicted breakthrough time of Ag(I) removal by
P. platypus.

Run Factor A Factor B Factor C Response Predicted
Flow rate Bed height  Initial metal Breakthrough R1
(mL/min) (cm) conc. (mg/L) time (min)

1 0 0 0 80+5.78 78.95
2 0 0 0 80+5.78 78.95
3 -1 1 -1 210+5.78 211.45
4 -1 -1 -1 150+11.54 153.95
5 0 0 0 80+5.78 78.95
6 1 1 -1 60+5.78 63.95
7 0 0 0 80+5.78 78.95
8 0 0 0 80+5.78 78.95
9 1 -1 1 40+5.78 41.45
10 0 0 0 80+0 78.95
11 1 -1 1 30+0 31.95
12 -1 -1 1 40+5.78 41.45
13 -1 1 1 20+5.78 21.45
14 -1 1 1 60+0 63.95
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Fig. 1: Breakthrough curves for Ag(I)  biosorption onto P. platypus at
different bed heights (Initial Ag(I) concentration: 50 mg/L;

Flow rate: 1ml/min; pH: 6; Temperature: 20°C).
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Fig. 3: Breakthrough curves for Ag(I)  biosorption onto P. platypus at
different Initial Ag(I) concentrations (Bed height: 12 cm; pH: 6;

Temperature:20°C).

Fig. 4: (a) 3D mesh diagram showing (a) the effect of flow rate and bed
height at initial metal concentration: 50 mg/L; (b) the effect of flow rate

and initial metal concentration at bed height 12 cm; (c) the effect of
bed height and initial metal concentration at flow rate:

1 mL/min) on breakthrough time.

Fig. 4(a)

Fig. 4(b)

Fig. 4(c)

2010, Muhamad et al. 2010). The breakthrough curves ex-
hibited steep nature with a short mass transfer zone. The
dependence of Ag(I) biosorption by P. platypus  was con-
firmed by the values presented  in Table 3.
Effect of initial metal concentration: The effect of initial
metal concentration ranging from 50-300 mg/L on Ag(I)
removal was instigated (Table 4). Breakthrough time was
found to be maximum in case of lowest concentration (50
mg/L) and decreased with an increase in concentration up to
250 mg/L (Fig. 3). At 300 mg/L, breakthrough concentra-
tion (0.1 mg/L) was not reached and hence, a concentration
up to 250 mg/L was taken into consideration for further ex-
periments.
2D factorial design: The effect of flow rate (factor A), bed
height (factor B) and initial metal concentration (factor C)
on the breakthrough time of Ag(I) removal by P. platypus
was analysed using 2D factorial design. The factors were
varied over the levels -1, 0 and +1 as given in Table 1. The
effect of the factors A, B and C on the breakthrough time is
given by the following equation :
Breakthrough Time = 76.25 - 38.75A + 11.25B - 38.75C -

                               8.75AB + 26.25AC - 8.75BC ...(1)

The experimental and predicted values of breakthrough
time are presented in Table 5. The maximum predicted re-
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Fig. 2: Breakthrough curves for Ag(I)  biosorption onto P. platypus at
different flow rates (Initial Ag(I) concentration: 50 mg/L;

Bed height: 12 cm; pH: 6; Temperature: 20°C).
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sponse (211.45 min) was obtained at a combination of flow
rate of 1mL/min, bed height of 12 cm and initial metal con-
centration of 50 mg/L which was found to be quite close to
the experimental value of 210 min. F-test ANOVA was used
to determine the significance of the model  (Table 6). In the
present case, linear effect of A(p<0.0001), B(p<0.0001),
C(p<0.0001) and the interaction effect of  AB(p<0.0001),
AC(p <0.0001) and BC(p <0.0001) were found to be sig-
nificant. As shown in Table 7, a high F-value of 2542 for
breakthrough time was predicted by the software, R2 value
0.9996 and an adequate precision of 174.14 thereby indi-
cated that the model was highly significant. All the experi-
ments were performed in replicates and showed a very nar-
row error percentage of 7.25 % thereby confirming the model
accuracy.

The 3D mesh diagrams as shown in Fig 4(a)-4(c) indi-
cated that the breakthrough time increased with an increase
in bed height due to an increase in bed adsorption capacity.
It decreased with an increase in flow rate and initial metal
concentration due to decrease in contact time of Ag(I) ions
with biosorbent and inadequacy of Ag(I) binding sites (Hasan
et al. 2010). The effect of all the three factors viz., flow rate,
bed height and initial metal concentration on breakthrough
time was confirmed through the perturbation plot as shown
in Fig. 5. The plot confirmed that the breakthrough time was

directly proportional to the bed height which was indicated
by upraise of the line B and found to be inversely propor-
tional to the flow rate and initial metal concentration as in-
dicated by the downfall of the lines A and C respectively.
Modelling of the data for Ag(I) biosorption by P. platypus:
The BDST plot of service time (tb) against bed height (Z) at
Ag(I) concentrations ranging from 50-250 mg/L was found
to be linear with a high correlation coefficient of 0.9999
thereby indicating the validity of the model (Table 7). The
upraise of the trend line was maximum in case of 50 mg/L
and decreased with an increase in concentration up to 250
mg/L indicating that the breakthrough time decreased with
an increase in Ag(I) concentration due to the inadequacy of
metal binding sites and increased metal precipitation (Das
& Das 2011). This was further supported by the data on bed
sorption capacity (No) and sorption rate (Ka) calculated from
the slope and intercept of the graph as shown in Fig. 6. It
was noted that the sorption capacity increased from 96.94
mg/L  at 50 mg/L Ag(I) to 276.91 mg/L at 250 mg/L Ag(I)
concentration due to availability of higher amount of Ag(I)
ions. As shown in Table 7, the Ka values were found to de-
crease from 0.0011 L/mg/min at 50 mg/L Ag(I) concentra-
tion to 0.0003 L/mg per min at 250 mg/L which indicated
that with an increase in concentration a longer bed is needed
to avoid breakthrough (Ghasemi et al. 2011). The critical
bed depth (Zo) was found to increase from 7.11 cm to 12.16
cm whereas the time needed to exhaust a unit length of the
column was found to decrease from 14 min to 7 min.

Emperical model showed quite a good fit with a maxi-
mum R2 value of 0.9821 (Table 8). The bed volume (BV)
was found to increase with an increase in bed height whereas
it was found to decrease with an increase in Ag(I) concen-
tration. The data showed a linear fit Fig. 7(a) and the param-
eters α and BVo were calculated from the slope and intercept
respectively. It was noted that the BVo value increased with
an increase in bed height which signified that the a higher

Table 6: Analysis of variance (ANOVA) for the effect of flow rate, bed height and metal concentrations on breakthrough time for Ag(I) removal by
P. platypus.

Source Sum of squares Mean square d.f. F Value Probability  (p)> F

Model 31775 5295.833 6 2542 <0.0001 Significant
A-Flow rate 12012.5 12012.5 1 5766 <0.0001
B-Bed height 1012.5 1012.5 1 486 <0.0001
C-Initial 12012.5 12012.5 1 5766 <0.0001
Metal Concentration
AB 612.5 612.5 1 294 <0.0001
AC 5512.5 5512.5 1 2646 <0.0001
BC 612.5 612.5 1 194 <0.0001
Curvature 0.000443 0.000443 1 1.673655 0.2433 Not significant
Residual 0.001588 0.000265 6
Lack of fit 0.001588 0.001588 1 Not significant

R2: 0.999607; Pred. R2: 0.999214;  Adequate precision : 174.14

Table 7: Bed depth service time model parameters for removal of Ag(I) on
P. platypus.

Initial Ag(I) N0 Ka Z0 S R2

Conc.(mg/L) (mg/L) (mg/min) (cm)

50 96.94 0.0011 7.11 14 0.999
75 145.41 0.0008 8.00 14 0.9964

100 176.25 0.0007 8.44 12 0.9989
150 211.5 0.0005 10.92 10 0.9962
200 227.76 0.0004 11.35 8 0.9901
250 276.91 0.0003 12.16 7 0.9900
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volume of effluent could be treated due to an increased mass
of biosorbent and increased number of Ag(I) binding sites.

The column data were analysed using Thomas model at
different bed heights and Ag(I) concentrations as shown in
Fig. 7(b). R2 values were found to be less than BDST and
Emperical models (Table 8). Low R2 values indicated that
adsorption of Ag(I) on P. platypus is limited by chemical
reaction and not by the mass transfer at solid liquid interface
(Araneda et al. 2011). The parameters viz., KTh and qTh asso-
ciated with this model showed an increasing trend with an
increase in bed height. Similar results were obtained by
Ghasemi et al. (2011). As given in Table 8, the uptake val-
ues were found to increase from 97.9 mg/g at 50 mg/L to
490.23 mg/g at 250 mg/L of initial Ag(I) concentration and
at a bed height of 12 cm, whereas the KTh values were found
to decrease from 0.029 to 0.006 L/mg/min respectively which

was attributed to the controlled rate step shifts from external
to internal mass transfer limitations and increased metal pre-
cipitation (Ghasemi et al. 2011).

Yan model was found to analyse the column data as ef-
fectively as Thomas model since the R2 values were quite
similar in both the cases (Table 8). The uptake values were
found to increase from 28.76 mg/L at 4 cm to 119.69 mg/g
at 12cm due to an increase in adsorption sites. The rate of
adsorption was found to increase with an increase in bed
height, whereas it was inversely related to the metal concen-
tration (Fig. 7c).
Treatment of electroplating wastewater in column mode:
Application oriented study was conducted using biosorbent
P. platypus which was employed for the treatment of
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wastewater containing silver in column mode and its reus-
ability was assessed. As the regeneration cycles progressed,
a decrease in breakthrough time and exhaustion time were
noted. The removal percentage of Ag(I) was found to de-
crease in the successive cycles which could be attributed to
the gradual deterioration of biomass on continuous usage
(Table 9). It was noted that elution efficiency remained al-
most same in all the three desorption cycles.

CONCLUSION

The present study showed that macrofungus P. platypus
could serve as potential biosorbent for the removal of Ag(I)
from wastewater in column mode. The treated effluent
reached the value of Ag(I) standard established by US-EPA.
The study revealed the importance of bed height, flow rate
and initial metal concentration on Ag(I) biosorption during
column process. Among all the models tested, BDST model
showed the best fit for the evaluation of column perform-
ance. Regeneration of biosorbent was performed using 0.01
M HCl solution and the biosorbent was efficiently reused
for three cycles of sorption followed by desorption.
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Nomenclature:
BV Bed Volume passed through the column
BV0 Virtual volume of the solution for which the effluent

concentration reaches a value of 0.5 C0
C0 Inlet metal ion concentration (mg/L)
F Volumetric flow rate (mL/h)
Ka BDST rate constant (L/mg/h)
KTh Thomas model rate constant  (L/mg/min)
KY Yan Model rate constant (L/mg/min)
Mad Metal mass adsorbed
Mtotal Total amount of metal ions sent through the column
N0 BDST Bed sorption capacity (mg/L)
qTh Metal uptake predicted by Thomas model (mg/g )
qt Maximum metal uptake (mg/g )
q0 Equilibrium  metal uptake (mg/g)
S Time required to exhaust unit length of the column
σ Standard deviation
τ Time required for 50% adsorbate breakthrough (min)
t0 Time at which the effluent concentration is half the

influent concentration(min)
tb Breakthrough time (min)
te Exhaustion time (min)
υ Superficial flow velocity (mL/min)
V Volume passed through the column (ml)
Z0 Critical bed depth (cm)


