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ABSTRACT 

The use of two different crumb rubber adsorbent (CRS), pure crumb rubber sludge (pCRS) and 
modified crumb rubber sludge (mPCRS) with HNO3 activator was investigated for the removal of 
Hg(II) from aqueous solution. Batch experiment was conducted to analyze the effect of adsorbent 
dosage and contact time on the adsorption capacities of pCRS and mCRS. Adsorption isotherm and 
adsorption kinetics was also analyzed to get description of the adsorption mechanism and the 
adsorbent properties. The Langmuir isotherm provided the best correlation with the maximum 
adsorption capacity was 16.00 mg/g an, 17.513 mg/g for respected to pCRS and mCRS. The kinetics 
studies showed that the Hg(II) for both adsorbents adsorbed rapidly which can be adjusted to the 
pseudo second order model. Our current study confirmed that CRS was effective adsorbent for the 
removal of Hg(II) from aqueous solution which followed monolayer and multilayer chemisorption 
Keywords: Adsorption,  Crumb rubber sludge,  Isotherm,  Kinetic, Mercury 

 
INTRODUCTION  
Adsorption is the most chosen method implemented to reduce various pollutants 
from wastewater due to its economical, applicable, and environmental friendly. 
Moreover, numerous adsorbent types have been widely used. One of them is 
byproduct of wastewater treatment plant (WWTP), or used to be labeled as 
residue. Residue WWTP was such of a sludge waste produced by biological 
treatment unit. Which of common method used is activated sludge system.  

Recently, the management and disposal of sludge waste of industries WWTP 
becomes a big problem. Crumb rubber’s industries WWTP for instance, deliver 32 
tons a month of sludge residue for each industry to landfill (S.Sy et al, 2018). The 
sludge residue and the active sludge contain similar elements in the forming of 
microorganism. The microorganisms in sludge residue are dead or dormant due to 
drying condition. It also contains other contaminants that would be potential 
hazard to environment such as greenhouse gas emissions and water pollution (S.Sy 
et al, 2018). 

To address these problems, we have been pioneer observing the use of 
crumb rubber as adsorbent to remove some heavy metals from aqueous solution 
for some years. It is respected to the similar reports which utilize various 
industries WWTP’s sludge. Some of these are clarified sludge of municipal 
wastewater (C. Yang, et al, 2010), dairy factory (H. Benaïssa & M. A. Elouchdi, 
2011), textile mills (M. Hunsom and C. Autthanit, 2013), cosmetics factory (V. M. 
Monsalvo, et al, 2011), palm factory (M.A.A. Zaini et al, 2013), high Mn-containing 
groundwater treatment sludge (S. Zhu et al, 2019), activated sludge graphene 
oxide composites (C. Zhao et al, 2018), coalmine dry sludge (R. Kumar et al, 2020), 
swine sludge (J. Liu et al, 2020), sewage sludge (J. Ifthikar et al, 2017) and dry 
activated sludge (H. Zare, 2015). 

Our earlier interesting studies showed that crumb rubber industries WWTP’s 
sludge residue (CRS) was good adsorbent either modified or unmodified.  There 
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were three types of adsorbent, as labeled pure sludge (PS), chemically activated 
sludge (WS) and pyrolysis activated sludge (P600) treated some heavy metals 
form aqueous solution in several shaken conical flasks. The results indicated that 
CRS reduced Cr(VI), Cd(II) and Zn(II) (S. Sy et al, 2018), with high adsorption 
capacities.   

The continuous studies have been conducted by observing the ability of CRS 
in removal of mercury. Mercury, in accordance of its nature, is the most severe 
toxic heavy metals. It has longer endurance, easier transferred,  and easier 
accumulated (D. Patiño-Ruiz, 2019), (N. M. Mora Alvarez et al, 2019), (M. Arshadi, 
2015). The organic and inorganic mercury can be dangerous for human health 
such as central nervous, reproductive, retinal nerve system, human kidney and 
liver (N. M. Mora Alvarez , 2018), (Y. Guo et al, 2016), (G. Tan et al, 2016). 

Thus, our current study focused on the potential of CRS with modified or 
without modified in removal of mercury (Hg(II)) from aqueous solution. The effect 
of adsorbent dosage and contact time to batch adsorption experiment was 
investigated. The mechanism of adsorption was fitted to the Langmuir and 
Freundlich models. It was followed by analyzing of adsorption kinetics using first 
order and pseudo second order model. 

 
RESEARCH METHODS   
Crumb Rubber Adsorbent 

Adsorbent was made from crumb rubber activated sludge waste of crumb 
rubber industry (crumb rubber sludge - CRS). It was a byproduct of biological 
processing unit of Wastewater Treatment Plant (WWTP) which was collected from 
final clarifier of WWTP of PT. Djambi Waras, Jambi City.  

The preparation method refers to previous method done by [2], but raw CRS 
was dried longer than that of it. After sun drying, it was oven dried (Memmert UNB 
300) for 8 hours in 9 days within 110oC. Dried raw CRS was ground and sieved 
using siever merk Retsch 5657 Haun W. Germany no. 35 mesh (0.425 mm). This 
raw CRS – the first type was labeled  the pure CRS (pCRS).  

The For modified CRS (mCRS), the second type of adsorbent, pCRS was 
soaked in 0.01 M nitric acid (HNO3) for 2 hours to remove impurities. The soaked 
pCRS was then cleansed with distilled water to the neutral pH of water.  Finally, it 
was dried in 70oC - 100oC. The two adsorbents were kept in container. 
Mercury(II) Aqueous Solution 

The adsorption experiment of the prepared CRS adsorbent on Hg(II) ion is 
investigated using an aqueous solution of the metal. The stock solution of Hg(II) 
(1000 mg/l) was prepared by dissolving the necessary amount of HgSO4 in 
distilled water. The stock solution was diluted to obtain standard solutions 20 
mg/l of Hg(II).  
Adsorption Experiment 

Batch adsorption studies are carried out in five beaker glasses with 20 mg/l 
of Hg(II) solution filled with varying amount of adsorbent dosage (1, 2, 3, 4 and 5 
g/L) under room temperature. These beakers were agitated by flocculator jar test 
within certain speed time (60, 100, 120, 150 and 180 RPM) for predetermined 
time intervals (15, 30, 45, 60 and 75 minutes). At the end of agitation, the 
suspensions are filtered through Whatman 42 filter paper to be analyzed for the 
remaining metal concentration in the sample using Atomic Absorption 
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Spectrophotometer GBC 932 AA. Each determination is performed in duplicate. 
Blank determinations are made simultaneously with samples under the same 
experimental conditions. 

The amount of Hg(II) adsorbed per unit mass of the adsorbent was 
determined as the following equation: 
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Where Qe is the amount of Hg(II) adsorbed per unit mass of the adsorbent (mg/g), 
V is the volume of the aqueous solution (L), M is the mass of the adsorbent (g); Ci 
and Ce are the concentration of Hg(II) in initial solution and equilibrium solution 
adsorbed for minute in mg/L, respectively. 

 
RESULTS AND DISCUSSIONS 
Adsorption Isotherm 

The adsorbate – Hg(II) interactions with adsorbent - CRS were described 
with adsorption isotherm. Its mechanism provides important information about 
the nature and the affinity of adsorbent. It is obtained by determining the 
maximum adsorption capacities in equilibrium state. Then, the obtained data were 
analyzed by modeling using Langmuir and Freundlich models. 

In the Langmuir model, adsorbent surface is expected homogeneous. Each 
active adsorption sites corresponds the magnitude of the adsorption energy 
magnitude. This site adsorbs each molecule of adsorbates. The Langmuir model is 
expressed by equation (2). However, the Freundlich model is the most preferred 
model to explain an asymmetric or heterogeneous adsorption equilibrium data 
with complex surface structure of adsorbent. The Freundlich model is given by 
equation (3). 
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Qo (mg/g) and b (L/mg) are the Langmuir constants which are a measure of 

maximum adsorption capacity and a measure of energy, respectively. Kf 
(mg/g(L/g)1/n) is the Freundlich constant, describes energy bonds occurring in 
process. n is the heterogeneity factor which represent the degree of divergence 
from linearity of the adsorption (T. Aprianti et al, 2017).  

The Langmuir isotherm can be described by equilibrium constant, RL, which 
is defined as equation (4). The value of RL indicates the shape of isotherm to be 
either unfavorable (RL > 1) or linear (RL < 1) or irreversible (RL = 0).  
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The illustration of two models of adsorption isotherm is shown in Fig.1. All 
the constants determined from the non-linear plots (Qe vs Ce) of two models are 
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presented in Table 1. From Table 1, it can be seen for both adsorbents (pCRS and 
mCRS), the Langmuir isotherm fitted better with the experimental data and the 
adsorption process follows a Langmuir type (R2 > 0.99) monolayer adsorption. The 
maximum adsorption capacity (Qo) of Hg(II) aqueous solution onto mCRS 17.513 
mg/g was higher than that of pCRS 16 mg/g.  

However, it was also be noticed that the R2 for Hg(II) adsorption from 
Freundlich model was greater than 0.97. These results indicate that adsorption 
process also occurred in multilayers.  

 

 
(a) 

 

 
(b) 

 

Figure 1. Adsorption isotherm of Hg(II) adsorption onto. (a) Langmuir isotherm 
model; (b) Freundlich isotherm model 

Table 1 
Adsorption isotherm model parameters for adsorption of  Hg(II)                                     

onto pCRS and mCRS 
Adsorbent 

type 
Model Parameters R2 

pCRS Langmuir Qo 16.000 0.9985 

    b 4.630   

    RL 0.011   

  Freundlich Kf 1.216 0.992 

    n 1.388   

mCRS Langmuir Qo 17.513 1.000 

    b 35.688   

    RL 0.001   

  Freundlich Kf 1.417 0.977 

    n 1.091   
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The constant of n calculated from the Freundlich isotherm for pCRS and 
mCRS was 1.388 and 1.417 respectively, in the range of favorable adsorption (n > 
1).  It was suggested a high adsorption strength and chemical adsorption, which 
was consistent with the large RL value of the Langmuir model (RL < 1). The two 
isotherm models revealed that different types crumb rubber sludge adsorbent 
used in this study can remove Hg(II) aqueous solution in monolayer and multilayer 
chemical adsorption process.  
 

Adsorption Kinetics 
Adsorption kinetics was used to control Hg(II) adsorption process rate at 

solid-liquid interface. Here, two familiar kinetics models - the pseudo first-order 
and pseudo-second-order were applied to determine the parameters of adsorption 
kinetics of Hg(II) adsorption onto pCRS and mCRS. The pseudo first-order and 
pseudo-second-order equations are expressed in equation 5 and 6 respectively. 
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Where Qt (mg/g) is the amount of adsorbed Hg(II) on the adsorbent at time t, 
K1 (min-1) is the rate constant of pseudo first order adsorption and K2 (g.mg/min) 
is the rate constant of pseudo second order adsorption. The Qe is extrapolated 
from the experimental data at time t as seen in Fig.2. The representative plots were 
linearized to obtain the kinetic parameters.  The value of Qe and K1 were calculated 
from the intercept and slope of the linear plot of log (Qe – Qt) versus t respectively 
(Fig.2(a)).   The value of K2 was calculated from slope of plot t/Qe versus t (Fig.2 
(b)). 

Table 2 
Kinetic model constants  for adsorption of  Hg(II) onto pCRS and mCRS. 

Adsorbent 
type 

Model Parameters R2 

pCRS 
Pseudo 

First order  K1 0.055 0.4291 

    Qe 6.769   

  

Pseudo 
second 
order K2 0.054 0.9995 

    Qe 11.074   

mCRS 
Pseudo 

First order  K1 0.053 0.299 

    Qe 4.337   

  

Pseudo 
second 
order K2 0.054 0.9996 

    Qe 12.034   
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(a) 

 
Figure 2.  Adsorption kinetics of Hg(II) onto. (a) Pseudo first order model; (b) 

Pseudo second order model. 
 

Table 2 provides the kinetic parameters and corresponding correlation 
coefficients of pseudo first order and pseudo second order model for Hg(II) 
adsorption kinetics. The adsorption of Hg(II) onto pCRS and mCRS was fitted 
better by pseudo second order model due to the R2 values are close to 1 (0.999) (Y. 
Sun et al, 2017). The calculated adsorption capacities (Qe) in pseudo second order 
model theoretically was close to the value of real adsorption capacities. It can be 
concluded that The adsorption Hg(II) onto pCRS and mCRS was following the 
pseudo second order model under chemisorption process control * T. Sheela et al, 
2012), ( Y. Fransiscus et al, 2018), (S. Pan et al, 2012). 
 
Effect of Adsorbent Dosage 

The results for adsorptive removal of Hg(II) with respect to adsorbent dosage 
of pCRS and mCRS are shown in Fig.3 over the range 1 – 5 g/L. From Fig.3, shows 
that the equilibrium adsorption capacities of Hg(II) for both adsorbents were 
decreased with the increasing of adsorbent dosage. It was due to the exchangeable 
site on adsorption surface area which is fulfilled with adsorbent pores which 
function as active binding sites or places for adsorption. Adsorption process begins 
as the attachment of pollutants contained in the adsorbate to the adsorption 
surface area. Then it will be absorbed in the adsorbent pores (M. Zahihi et al, 
2010), (K.K. Wong et al, 2003) .  
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According to the results, it was concluded that the interaction between 
adsorbate and adsorbent highly depends on the adsorbent dosage. For both 
adsorbent, the adsorption removals were almost the same with the highest 
percentage reached on 92% and 93% for respected to pCRS and mCRS at 5 g/L of 
adsorbent dosage. However, the adsorption capacities were the lowest 3.69 mg/g 
and 3.739 mg/g for pCRS and mCRS respectively. 

 

 
Figure 3. Effect of adsorbent dosage on Hg(II) adsorption 

 
Effect of Contact Time 

Fig.3 showed the curve plots of Hg(II) adsorption capacities versus contact 
time. The adsorption capacities (Qe mg/g) of Hg(II) onto pCRS and mCRS are 
illustrated as the trend increasing by time extending.  The adsorption process 
increased rapidly, and being stagnant over 30 minutes. External diffusion and 
surface adsorption was assumed as the reason for this process (E.K. Faulconer et 
al, 2012). The pollutants transferred rapidly onto the adsorbent surface because 
the presence of free site for binding on the adsorbent surface (D.K. Mondal, 2013).  

 

 
Figure 4. Effect of contact time on Hg(II) adsorption 
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CONCLUSION  
1. The CRS, two different types, Pure Crumb Rubber Sludge (pCRS) and Modified 

Crumb Rubber Sludge (mCRS) have been successful in removing Hg(II) from 
aqueous solution at different operating condition. Chemically modified crumb 
rubber sludge showed slightly better in Hg(II) adsorption. Adsorption process 
was highly adsorbent dosage and contact time dependent.  

2. The maximum Hg(II) adsorption was reached on 5 g/L adsorbent dosage. While, 
the adsorption capacities got higher rapidly until 30 minutes of contact time and 
went slow down and balance at the end of contact time process.   The Hg(II) 
adsorption mechanism for both adsorbent follows Freundlich and Langmuir 
model, and pseudo second order kinetics model. The Hg(II) adsorption onto 
pCRS and mCRS occurred in monolayer and multilayer of chemisorption 
condition. 
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