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Abstract: Battery recycling generates large amount of effluent which contains 
the toxic Pb(II) beyond the permissible limit. This effluent was treated for the 
removal of Pb(II) by fixed bed adsorption onto steam-activated granular 
carbon. Effect of flow rate, bed diameter and bed height on the performance of 
fixed bed column was investigated. The experimental data was presented in the 
form of breakthrough curve. Bed exhaustion time, breakthrough time and ads-
orbent capacity were determined. The obtained experimental data were evalu-
ated with the four kinetic models: Thomas, Yoon–Nelson, Adams–Bohart and 
Clark model. The data were fitted well to the Thomas, Yoon–Nelson and Clark 
model with correlation coefficient R2 > 0.96. 

Keywords: lead removal; breakthrough curve; kinetic models; lead-acid bat-
tery; continuous adsorption. 

INTRODUCTION 
Storage battery is the highest consumer of lead with more than 60% con-

sumption of the total lead produced.1 This demand of the lead for storage battery 
manufacturing is supplied by the secondary lead produced by recycling the bat-
tery.2 Large amount of effluent generated during the recycling of battery which 
contains soluble Pb(II) in the range of 2–300 mg L–1.3 Pb(II) must be removed 
from the effluent before discharge, as it is considered as one of the most toxic 
heavy metal which upon exposure may cause serious health issues in human 
health like anemia, insomnia, dizziness, irritability and weakness of muscles. It 
can also damage the kidney, liver and reproductive system, basic cellular pro-
cesses and brain functions upon exposure for longer duration.4 Indian Standard 
Institution has recommended the maximum permissible limit of Pb(II) in drink-
ing water is 0.05 mg L–1 and that in surface water is 0.1 mg L–1. According to 
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United States Environmental Protection Agency (USEPA) lead should be less 
than 0.015 mg L–1 in drinking water.5,6 

Effluent from battery recycling unit is treated conventionally by desulphuriz-
ation using sodium carbonate, which gives the byproduct sodium sulphate and 
insoluble lead hydroxide and lead carbonate as sludge. Lead hydroxide formed 
during the treatment is not completely insoluble and can be found in discharge 
that needs to be removed. Some local battery recyclers are dumping the effluent 
without any treatment to save the cost of recycling.3,7,8 

This effluent was treated by adsorption in the current study for the removal 
of lead because this method is economical, easy to operate and efficient to use. 
Various adsorbents were used previously to remove lead from aqueous solution, 
like bentonite, poly vinyl alcohol, carbon nanotube, chitosan, rice husk ash, 
bagasse fly ash and activated carbon.9–16 Activated carbon has been chosen in 
this work because it is largely produced and widely used in water treatment.  

For practical application of adsorption in water treatment continuous mode 
study or fixed bed study is need to be done. Fixed bed study is helpful in scaling 
up the column for water treatment application where various operational para-
meters are encountered.17 The performance of the fixed-bed adsorption column 
system is generally described by the breakthrough curve and the shape of break-
through curve is affected by the bed height, bed diameter, initial concentration 
and flow rate.18 In the present study lead was removed from battery recycling 
unit effluent by the adsorption in fixed bed of steam-activated granular carbon 
(SGAC). Experiments were carried out to determine the effect of bed height, bed 
diameter and flow rate on percent removal of lead by SGAC. Experimental data 
were fitted to the Yoon–Nelson, Thomas, Adams–Bohart and Clark models to 
understand the adsorption phenomena. 

EXPERIMENTAL 
Adsorbent and adsorbate 

SGAC of the size 1–2 mm was obtained from Indo German Carbons Limited, Kerala, 
India. Properties of SGAC were determined by FTIR (Bruker, Alpha Model), XRD 
(PANalytical multifunctional XRD analyzer) and SEM (ZEISS EVO). Various functional 
groups like O–H, C–H, C–O, C=C were found in the SGAC by FTIR analysis. SEM and XRD 
analysis revealed that the SGAC was having highly porous structure and amorphous in nature. 
Surface area found was 558 m2 g-1 by BET surface area analyzer (Smart sorb 93).  

Effluent was collected from the local battery recycling unit located in Raipur, India. Col-
lected effluent was found to contain Pb(II) and COD as 10.6 and 280 mg L-1, respectively. 
Effluent was acidic in nature and neutralized with NaOH till the pH is 4.5 as this pH was 
found optimum by batch adsorption study. 
Fixed bed column experiment 

A schematic representation of a fixed bed adsorption column using SGAC as adsorbent 
is shown in Fig. 1. Vertical acrylic columns of diameter 1.5, 3 and 4.5 cm were used in fixed- 
-bed adsorption experiments. The effluent was pumped into the column from the top at the 
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flow rate of 4, 8 and 12 mL min-1 using a peristaltic pump (Raveltech RH-P100S). The height 
of SGAC bed was fixed at 10, 20 and 30 cm. Experimental run has been performed to present 
the effect of highest and lowest value of one parameter while keeping the other parameter 
constant. The samples were collected from the bottom of the column at fixed time intervals. 
The remaining concentration of Pb(II) in effluent were determined using AAS (Atomic 
Absorption Spectrometer, Make-ECIL, India). 

 
Fig.1. Schematic diagram of fixed bed exp-
erimental setup. 

Column data analysis 
Fixed-bed adsorption column performance was analyzed by the breakthrough curve. 

Breakthrough time and column exhaustion time was determined from the breakthrough 
curve.19 Breakthrough time (tb) was the point where treated effluent from the column was 
reached the predefined concentration (1 % of the influent concentration) and column exhaust-
ion time (tc) was taken as the time to reach the concentration of treated effluent 95 % of the 
initial concentration.20  

Total volume of effluent from the column (V) after passing through adsorbent bed was 
calculated by multiplying the flow rate of influent (Q) and the total flow time t. Total mass of 
lead adsorbed (qtotal) was obtained by calculating the area under the breakthrough curve given 
by Eq. (1):21  

 ( )total o e0
d  

1000
tQq C C t= −  (1) 

where, Co is initial concentration of Pb(II) in the effluent and Ce is the concentration of Pb(II) 
in the effluent at equilibrium. 

Equilibrium uptake or maximum adsorbent capacity (qe) of the column is defined as the 
ratio of total amount of lead adsorbed to the amount of adsorbent (w).22 Total amount of lead 
passed from the column (mtotal) at time t and percentage removal of lead (Y) were determined 
by Eqs. (2) and (3):23 
 mtotal = CoQt/1000 (2) 
 Y = 100(qtotal/mtotal) (3) 

The empty bed contact time (EBCT) is the time of contact between the bed and adsorbate 
in the column defined as ratio of bed volume to flow rate. It is an important parameter for the 
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design of fixed bed column as it affects the breakthrough curve shape.24 The performance of 
fixed bed adsorption column was further evaluated by the term adsorbent usage rate (Ur), 
which is defined as the ratio of weight of adsorbent in the bed (w) to the volume of effluent 
treated till breakthrough (VBr).25 

Kinetic model for continuous mode of adsorption 
Concentration of the Pb(II) in adsorbent and effluent vary with the bed height and time 

during fixed bed adsorption. Kinetic models are used to understand the dynamic behaviour of 
fixed bed adsorption which helps in designing and optimization of process variables.26 To 
evaluate the performance of column and adsorbent capacity following linear kinetic models 
were used.  
Thomas model 

Thomas model is based on the second-order reversible Langmuir kinetics of the adsorp-
tion process and assumes that there is no axial dispersion of sorbate in the fixed bed.17 This 
model suggests that diffusion resistances are small enough to be negligible.27 Eq. (4) presents 
linearized form of Thomas model:  

 o T T
T o

e
ln 1   C k q w k C t

C Q
 

− = − 
 

 (4) 

where, kT is the Thomas model constant and qT is adsorption capacity. 
Yoon–Nelson model 

Yoon–Nelson model assumes that for each sorbate molecule to be adsorbed, the rate of 
decrease in the probability of adsorption is proportional to the probability of sorbate adsorp-
tion and breakthrough.28 The linear form of Yoon–Nelson model expressed in Eq. (5): 

 e
YN YN

o e
ln( )C k t k

C C
τ= −

−
  (5) 

where, kYN
 is rate velocity constant and τ is the time needed for 50 % adsorbate breakthrough. 

Adams–Bohart model 
Adams–Bohart model is based on the surface reaction theory and best suited for the 

initial part of the breakthrough curve. It is based on the assumption that the attainment of equili-
brium is not instantaneous and the rate of adsorption is proportional to the adsorbent residual 
capacity and adsorbate concentration.29 Adams–Bohart linear equation is given in Eq. (6): 

 e
AB o AB o

o
ln( )   C Lk C t k N

C μ
= −  (6) 

where, kAB is Adams–Bohart rate constant, No is equilibrium volumetric sorption capacity and 
μ is linear velocity of influent. 
Clark model 

This model is based on the combination of mass transfer concept and the assumption of 
Freundlich isotherm and assumes that no adsorption takes place at the start of the column and 
shape of the mass transfer zone is constant.27 Linearized form of Clark model is given by Eq. (7): 

 o -1

e
ln(( ) 1) lnnC rt A

C
− = − +  (7) 
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where n is the parameter of the Freundlich isotherm model, r is the product of Clark model 
constant (kC) and initial concentration of effluent (Co) and A is the constant given by Eq. (8): 

 C Cexp( ) k N LA
μ

=  (8) 

where NC is the removal capacity. 

RESULTS AND DISCUSSIONS 

Effect of flow rate on breakthrough curve 
Table I shows the parameters for fixed bed adsorption of Pb(II) for different 

operating conditions. The breakthrough curves at the flow rate of 4 and 12 mL 
min–1 are illustrated in Fig. 2 with the bed height of 20 cm and bed diameter of 
1.5 and 4.5 cm. 

TABLE I. Different parameters for fixed bed adsorption under different operating conditions 
Experiment conditions tb 

min 
te 

min 
VBr 
mL 

V 
mL 

EBCT
min 

Ur 
g L-1 

qe 
mg g-1 

Y 
% Q /mL min-1 L / cm D / cm 

4 20 1.5 118 455 472 1820 8.83 0.04 0.08 6.91 
12 20 1.5 32 148 384 1776 2.94 0.04 0.06 5.62 
4 20 4.5 365 763 1460 3052 79.48 0.14 0.01 8.09 
12 20 4.5 180 660 2160 7920 26.49 0.09 0.03 7.75 
8 10 4.5 240 578 1920 4624 19.87 0.05 0.03 6.24 
8 30 4.5 443 920 3544 7360 59.61 0.09 0.01 4.19 
4 10 3 220 574 880 2296 17.66 0.05 0.07 11.94 
4 30 3 360 820 1440 3280 52.99 0.09 0.02 7.50 
8 10 1.5 82 250 656 2000 2.21 0.02 0.19 9.31 
8 10 4.5 240 578 1920 4624 19.87 0.05 0.03 6.24 
8 30 1.5 129 357 1032 2856 6.62 0.03 0.07 6.79 
8 30 4.5 443 920 3544 7360 59.61 0.09 0.01 4.19 
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Fig. 2. Effect of flow rate on breakthrough curve for bed height 20 cm and bed diameter of: 

a) 1.5 and b) 4.5 cm. 
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It was observed from Fig. 2a that for higher flow rate the curve was steeper 
and the breakthrough time was lower. This might have resulted due to the fact 
that at high flow rates, SGAC saturates more quickly by being in contact with a 
large amount of Pb(II) ions.21,30 It can be observed from Table I that the percent-
age removal of Pb(II) was lower at high flow rates. This might have been due to 
decreased residence time and higher Reynolds number, because of which Pb(II) 
did not get the sufficient time to make contact with the surface of the SGAC and 
diffusion coefficient reduced.18 It was also observed from Fig. 2 that for the same 
flow rate of 12 mL min–1, the breakthrough time increased from 35 to 180 min as 
the bed diameter increased from 1.5 to 4.5 cm. This might have resulted due to 
the availability of more adsorption sites to contact with the Pb(II) ions. Relatively 
small maximum adsorbent capacity of 0.19 mg g–1 was found which might have 
due to the impurities presented in the real effluent of battery recycling unit. 

Effect of bed height on breakthrough curve 
Fig. 3 presents the effect of bed height 10 and 30 cm on the breakthrough 

curve for two different operating conditions flow rate 8 mL min–1, bed diameter 
4.5 cm and flow rate 4 mL min–1, bed diameter 3 cm.  
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Fig. 3. Effect of bed height on breakthrough curve for: a) flow rate 8 mL min-1 and bed 

diameter 4.5 cm and b) flow rate 4 mL min-1 and bed diameter 3 cm. 

It was observed that for the larger bed height the breakthrough time was inc-
reased and the saturation of adsorbent became slower because of the larger con-
tact time caused by more adsorbent in bed and longer mass transfer zone.31 It 
was observed from Table I that breakthrough time for flow rate 8 mL min-1 and 
bed diameter 4.5 cm was less than that for flow rate 4 mL min–1 and bed dia-
meter 3 cm. This might have resulted due to less adsorption sites in the lower bed 
diameter.30 It was also found from Table I that for the flow rate of 8 mL min–1 

and bed diameter of 4.5 cm, the adsorbent bed capacity was reduced from 0.03 to 
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0.01 mg g–1, when the bed height increased from 10 to 30 cm. This might have 
resulted due to the increase in unused bed mass. 

Effect of bed diameter of breakthrough curve 
Effect of bed diameter on breakthrough curve is shown in Fig. 4. It was 

observed that the breakthrough time and the exhaustion time rose significantly 
with the increase in bed diameter. This might have resulted because of the fact 
that a larger number of SGAC existed along the cross sectional area of the 
column at a wider diameter column for binding the Pb(II) ions.22 For the bed 
height of 10 cm and flow rate of 8 mL min-1 the breakthrough time was 
decreased from 240 min to 82 min when the bed diameter increased from 4.5 cm 
to 1.5 cm. It indicated the decrease in mass transfer zone and the contact time for 
adsorption.32 
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Fig. 4. Effect of bed diameter on breakthrough curve for flow rate 8 mL min-1 and bed height 

of: a) 30 and b) 10 cm. 

Breakthrough curve modeling 
Data of the column studies were fitted to the linear form of Thomas, Yoon– 

–Nelson, Adams–Bohart and Clark model. Kinetic parameters, correlation coef-
ficient (R2) and root mean square error (RMSE) are listed in Table II. Best fitting 
of the data in different models were in the order of Thomas > Yoon–Nelson > 
Clark > Adams–Bohart. Thomas model constant (kT) and the adsorption capacity 
(qT) were determined from the linear plot for different operating conditions (Fig. 
5). It was observed that for the flow rate of 4 mL min–1 the value of kT was 0.01 
L mg–1 min–1, which was increased to 0.049 L mg–1 min–1 for the flow rate of 
12 mL min–1, while qT was decreased from 0.081 to 0.063 mg g–1. This might 
have been due to the unavailability of the response sites.18 The value of qT was 
in good agreement with the experimental value of adsorbent capacity (qe), which 
confirmed the suitability of Thomas model.22 The well fit of the experimental 
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data onto Thomas model indicated that the external and internal diffusion limit-
ations were not present in the adsorption process.19 The similar trends of results 
were obtained by Xu et al. for adsorption of nitrate by stratified wheat straw 
resin.33 

TABLE II. Various parameters for Thomas, Yoon–Nelson, Adams–Bohart and Clark models 
derived from the fitting of experimental data 
Experiment conditions Thomas model Yoon–Nelson model 
Q 
mL min-1 

L 
cm 

D 
cm 

qT  
mg g-1 

kT 
L mg-1 min-1 R2 RMSE kYN 

min-1 
τ 

min R2 RMSE 

4 20 1.5 0.081 0.010 0.993 0.167 0.013 274.516 0.993 0.167 
8 20 3 0.045 0.011 0.991 0.251 0.011 448.562 0.991 0.251 
12 20 1.5 0.063 0.049 0.967 0.658 0.052 83.614 0.967 0.658 
4 30 3 0.019 0.008 0.978 0.378 0.009 590.564 0.978 0.378 
8 30 4.5 0.011 0.015 0.996 0.162 0.009 669.195 0.996 0.162 
12 30 3 0.019 0.026 0.975 0.661 0.028 197.624 0.975 0.661 

 Adams–Bohart model Clark model 

   No 
mg L-1 

kAB 
L mg-1 min-1 R2 RMSE kC 

L mg-1 min-1
NC 

mg L-1 R2 RMSE 

4 20 1.5 59.316 0.006 0.878 0.406 0.012 45.375 0.981 0.322 
8 20 3 37.834 0.006 0.904 0.499 0.013 30.177 0.985 0.392 
12 20 1.5 57.104 0.017 0.727 0.765 0.055 35.056 0.966 0.742 
4 30 3 16.447 0.005 0.971 0.259 0.010 13.479 0.990 0.302 
8 30 4.5 9.436 0.008 0.907 0.420 0.018 7.640 0.994 0.234 
12 30 3 21.846 0.010 0.895 0.536 0.029 13.951 0.990 0.469 

The rate velocity constant (kYN) and the 50 % breakthrough time (τ) for 
Yoon–Nelson model were determined from the linear plot (Fig. 6). The time (τ), 
required to reach the 50 % breakthrough, was decreased from 274 to 83 min 
when the flow rate increased from 4 to 12 mL min–1 due to faster saturation of 
the adsorbent bed.34,35 The value of τ obtained from Yoon–Nelson model was 
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almost similar to the value of experimental results. The correlation coefficient of 
more than 0.96 confirmed the suitability of Yoon–Nelson model for the adsorp-
tion of Pb(II) onto SGAC. Similar trends of results for Yoon–Nelson model were 
obtained by Aksu and Gonen, for continuous adsorption of phenol by the fixed 
bed of immobilized activated sludge.36 
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Fig. 6. Linear fit of experimental data for 
Yoon-Nelson model. 

 Adams–Bohart model provides simple approach for evaluation of fixed bed 
adsorption, but its applicability is limited to the narrow range of conditions.33 
The maximum adsorption capacity (No) and the kinetic constant (kAB) for the 
Adams–Bohart model were determined from the linear plot (Fig. 7). It was obs-
erved that the Adams-Bohart model was fitted well (R2 > 0.9) for the combin-
ation of low flow rate and high bed volume due increase in retention time. No 
decreased with the increasing bed depth and flow rate, while the value of kAB 
rose with the increase in flow rate and decrease in bed depth. This result indi-
cated that in the initial part of fixed bed adsorption kinetics of overall system was 
dominated by external mass transfer.20 Similar results were obtained by Han et 
al. for the fixed bed adsorption of methylene blue by phoenix tree leaf powder.37 
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Clark model constant (kC) and removal capacity (NC) was obtained from the 
linear plot (Fig. 8). Since the Freundlich isotherm kinetics was approximately 
valid for the batch adsorption of Pb(II) onto SGAC, Freundlich parameter (1/n =  
= 0.41) was used to calculate the parameters of the Clark model.37 It was obs-
erved from the Table II that an increase in flow rate from 4 to 12 mL min–1, the 
value of kC was increased 0.012 to 0.055 L mg–1 min–1 and the value of NC 
decreased from 45.37 to 35.05 mg L–1. Similar relationship between the kC and 
flow rate were obtained by Srivastava et al.38 for the removal of phenol by bag-
asse fly ash. High correlation coefficient of more than 0.93 showed the applic-
ability of Clark model for the fixed bed adsorption of Pb(II) onto SGAC. 
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Fig. 8. Linear fit of experimental data for 
Clark model. 

Out of the four models, only Thomas, Yoon–Nelson and Clark models were 
fitted well to the experimental data with high R2 value and low RMSE, while 
Adams–Bohart model was not showing the satisfactory prediction of the adsorp-
tion performance. Similar results for the models were obtained by Dhanasekaran 
et al. for the fixed bed adsorption study of fluoride by Artocarpus hirsutus based 
adsorbent.27 

CONCLUSIONS 

The performance of fixed bed column using SGAC has been investigated for 
the treatment of effluent of battery recycling unit in terms of flow rate, bed height 
and bed diameter. Breakthrough time, uptake capacity and percentage of removal 
of lead were used as parameters for evaluating the adsorption performances. For 
the higher flow rate, the lower breakthrough time and percentage of removal 
were observed, while the uptake capacity depends on the D/L ratio. The increase 
in both bed height and bed diameter results in increase of breakthrough time and 
decrease in uptake capacity and the percentage of lead removal. The maximum 
adsorbent capacity found was 0.19 mg g–1 for the flow rate of 8 mL min–1, the 
column height of 10 cm and the column diameter of 1.5 cm. The adsorption kin-
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etic models were applied to the experimentally obtained data in order to under-
stand the adsorption mechanism. The Thomas model fitted well to the experi-
mental data, which indicated that the internal and external diffusions were not the 
limiting phenomena for adsorption. The Yoon–Nelson model with the correlation 
coefficient R2 > 0.96 estimated the time for 50 % breakthrough which is almost 
identical to the experimental results. The Clark model also fitted well to the expe-
rimental data, which confirmed that the batch adsorption of Pb(II) onto SGAC 
follows the Freundlich isotherm. Furthermore, further study about desorption and 
regeneration under different conditions should be performed and taken into con-
sideration. This work suggests a possible alternative treatment method for the 
removal of Pb(II) from effluent from the battery recycling unit. 
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И З В О Д  
УКЛАЊАЊЕ Pb(II) ИЗ ИЗЛАЗНОГ ТОКА ЈЕ 

ДИНИЦЕ ЗА РЕЦИКЛАЖУ БАТЕРИЈА АДСОРПЦИЈОМ НА ГРАНУЛИСАНОМ 
АКТИВНОМ УГЉУ АКТИВИРАНОГ ПАРОМ У ПАКОВАНОМ СЛОЈУ 

SAURABH MESHRAM, CHANDRAKANT THAKUR и ANUPAM B SONI 

Department of Chemical Engineering, National Institute of Technology Raipur, 492010, Chhattisgarh, India 

Рециклажа батерија производи велике количине отпадног тока које садрже ток-
сични Pb(II) изнад прописаних граница. Овај отпадни ток је третирана ради уклањања 
Pb(II) адсорпцијом на гранулисаном активном угљу активираног паром у пакованом 
слоју. Испитиван је утицај запреминског протока, пречника и висине слоја на перфор-
мансе адсорпционе колоне. Експериментални подаци су приказани у облику кривих 
пробоја. Одређни су време исцрпљења адсорпционог слоја, време пробоја и адсорп-
циони капацитет. За евалуацију добијених експерименталних података коришћена су 4 
кинетичка модела: Thomas, Yoon–Nelson, Adams–Bohart и Clark модел. Thomas, Yoon– 
–Nelson и Clark модел су показали добро слагање са експерименталним подацима, са 
корелационим коефицијентом R2 > 0,96. 

(Примљено 3. новембра 2019, ревидирано 4. фебруара, прихваћено 2. марта 2020) 
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