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Abstract
The use of carbon soot recovered from diesel particulate filters (DPF) has been investigated as a potential adsorbent for heavy
metals including cadmium, chromium, and copper from wastewater. Results were compared with the adsorption performance of
powder activated carbon (PAC). The uptake capacity of heavy metals for soot was found to be higher than PAC. And the
thermodynamic study result for both soot and PAC indicated the adsorption procedures are exothermic. The adsorption studies
were carried out for both single and binary systems. The data are best modeled by the monolayer model and Langmuir isotherm
model for single systems. The adsorption mechanisms are more complex for binary systems. The kinetic studies indicated the
adsorption happens rapidly within the first 1 h, and the results can be best modeled by pseudo-second-order model. The SEM-
EDS analysis revealed the soot possesses higher porosity and surface area. Carboxylic and hydroxyl functional groups are the
predominant surface functional group on both soot and PAC as revealed by FTIR and IEP values. The adsorption can be
explained by both Van Der Waals force and electrostatic force.
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Introduction

Mining, electroplating, metal processing, power generation,
textile, and battery manufacturing are the predominant indus-
trial sources of heavy metals, which include Pd, Cd, Cu, Cr,
Hg, As, Mg, and Zn, among others (Amarasinghe and
Williams 2007; Wang et al. 2011; Zhou et al. 2010; Mishra
and Patel 2009). Once these heavy metals are released into the
environment, they can accumulate in plants, animals, or drink-
ing water and have the potential to negatively affect the blood
system, lungs, kidneys, and the central nervous system in
humans (Amarasinghe and Williams 2007; Zhou et al.
2010). Due to the fact that heavy metals can produce both
mutagenic and carcinogenic outcomes to humans and aquatic
organisms, the United States Environmental Protection
Agency (USEPA) has strict regulation controls on heavymetal

water pollution (Mohan and Singh 2002; Cho et al. 2011). For
example, the maximum contaminant level (MCL) for drinking
water enforced by the USEPA is 0.005 mg/L for Cd, 0.1 mg/L
for Cr, and 1.3 mg/L for Cu (USEPA. 2009).

Due to the human health risk, numerous technologies have
been developed and applied to eliminate heavy metals from
aqueous systems. Chemical precipitation followed by coagu-
lation has been employed for the removal of heavy metals at
water and wastewater treatment plants, but is not practical for
point-of-use application. Ion exchange resin and membrane
filtration are both efficient ways to remove heavy metals but
ion exchange resin requires complicated water pretreatment,
and the fouling problem associated with membranes discour-
ages the use of these technologies (Amarasinghe andWilliams
2007; Wang et al. 2011). Other treatment technologies that
include oxidation/reduction, dialysis/electrodialysis, and elec-
trolytic extraction are also applied to remove heavy metal or
reduce its toxicity (Mohan and Singh 2002). However, those
treatment technologies suffer the problem of high cost (Mohan
and Singh 2002). Adsorption is a non-selective way to remove
organic pollutants and trace amount of heavy metals from
water with low cost. The adsorption process is generally con-
sidered highly effective, easy to operate, and easy to access
(Mohan and Singh 2002).
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Over the past century, numerous adsorbents have been de-
veloped in order to treat heavy metals in water. Activated
carbon is created by carbonizing organic materials including
coconut shells, anthracite coal, bituminous coal, nut shells,
and wood. The resultant activated adsorbent is the most wide-
ly used due to the large surface area, microporous structure,
and affordability (Mohan and Singh 2002). Activated carbon
can be widely used in odor removal, de-coloration, gold re-
covery, mercury removal at coal power plants, and solution
purification (Mohan and Singh 2002). However, with regard
to heavy metals, commercial activated carbon suffers the
problem of low adsorption capacity and selectivity for the
heavy metals (Mahvi et al. 2005). For those reasons,
many studies have been carried out to develop effective
substitutes and low cost adsorbents (Srivastava et al. 1989;
Mellah and Chegrouche 1997; Jiang et al. 2010; Rao and
Kashifuddin 2016; Okieimen et al., 1991; Cheung et al.
2000). The activated carbon substitute should be easily ac-
cessible, economically feasible, and highly effective.
Therefore, many naturally occurring materials have been
tested for their affinity to remove heavy metals from aque-
ous systems.

Natural montmorillonite clay was used to remove Pd
and Cd from water, with adsorption capacities of 0.68 mg/
g for Pb and 0.72 mg/g for Cd (Srivastava et al. 1989).
Natural bentonite was found to remove zinc from water
with an adsorption capacity of 52.91 mg/g (Mellah and
Chegrouche 1997). One study conducted by Jiang et al.
(2010) revealed that the adsorption capacity for Pb, Cd,
Ni, and Cu from water, on natural kaolinite, was 4 mg/g
for Pb, 2.4 mg/g for Ni, 3 mg/g for Cd, and 1.8 mg/g for
Cu. The adsorption capacity of Cd-contaminated water
was quantified as 27.27 mg/g according to the study using
clay balls by Rao and Kashifuddin (2016). Natural peanut
husks were appraised to possess Cd adsorption capacity of
0.36 mmol/g and Pb capacity of 0.19 mmol/g (Okieimen
et al. 1991). Bone char was applied to remove Cd from
water wi th a maximum adsorp t ion capac i ty of
0.534 mmol/g as reported by Cheung et al. (2000).

Carbon black is a commercially significant carbona-
ceous component intentionally produced by the
incomplete combustion of an organic precursor such as
coal or other fossil fuel (Street et al. 2001). Carbon black
is also created as an undesirable by-product of the com-
bustion of coal and fossil fuels, which is a main
component of PM2.5 (Hamilton and Mansfield 1991).
One-year air quality data from an urban site in Finland
determined that around 14% of PM 2.5 was black carbon
and more than 90% of the black carbon can be classified
as PM2.5 (Viidanoja et al. 2002). In this same Finnish
study, diesel vehicles were determined to be the
major carbon black sources (Viidanoja et al. 2002).
This carbon black problem is more severe in other

countries, for example China, which has high usage of
coal and high density of vehicle use in urban areas
(Street et al. 2001). In order to solve this problem,
Europe and North American has legislated all the on-
road diesel vehicles need to be equipped with a diesel
particulate filter (DPF) (Salvat et al. 2000). More than
90% of carbon black or soot as well as the ash can be
captured by the DPF (Sappok et al. 2009). As the soot
loading increases, the carbon black and ash need to be
periodically removed from the DPFs. The loading of soot
in a DPF removed for cleaning was measured as 4.5 g of
soot per liter of DPF substrate (Yang et al. 2016). In
recent efforts, researchers have applied carbon black as
an adsorbent to remove heavy metals from aqueous solu-
tion (Wang et al. 2011; Zhou et al. 2010; Sappok et al.
2009). The adsorption capacity of commercial carbon
black for Cd from water is over 250 mmol/kg and for
Cu from water is 400 mmol/kg (Zhou et al. 2010). The
Cu, Pb, and Cd maximum adsorption capacity of wheat
residue-derived carbon black is higher than 200 mmol/kg
(Qiu et al. 2008). Therefore, it is highly desirable to iden-
tify alternative sources and alternative generation methods
for high efficiency carbon black for heavy metal removal.
Among these alternatives, DPF soot was appraised herein
as compared to commercially available powdered activat-
ed carbon (PAC).

In the present study, soot collected from a commercially
used DPF was collected and appraised as a potential adsor-
bent. The heavy metal adsorption capacity for both DPF soot
and PAC were evaluated by bench scale isotherm and kinetic
tests. The target pollutants were selected as Cu(II), Cd(II), and
Cr(VI). The overall objective of the study was to investigate
the adsorption of three heavy metals, Cd(II), Cu(II), and
Cr(VI), onto DPF soot in a single and binary system. The first
objective of the study determined the adsorption capacity of
Cd(II), Cu(II), and Cr(VI) when comparing DPF soot to com-
mercially available activated carbon. The second objective
determined the adsorption mechanisms through surface char-
acterization, EDS mapping, and Fourier transform infrared
spectroscopy (FTIR).

Table 1 Summary of adsorption isotherms performed during the
experiment

Single system Binary system

25 °C 40 °C 25 °C

20–200 mg/L 20–200 mg/L 20 mg/L

Cd(II) √ √ Cd(II)/Cr(VI) Cd(II) Cr(VI)

Cr(VI) √ √ Cr(VI)/Cu(II) Cr(VI) Cu(II)

Cu(II) √ √ Cd(II)/Cu(II) Cd(II) Cu(II)
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Material and methods

Preparation of the adsorbents

Soot collected from a diesel particulate filter (DPF) was provided
byHunsicker Emission Services, LLC,whom specializes inDPF
regeneration and cleaning. Hunsicker Emission Services, LLC,
provided soot which was used for the experiments herein. DPF
soot as received contained impurities from lubricating oil

additives andmetallic ash particles. In order to prepare and purify
the soot, 10 g of soot was added to 100 mL of nitric acid (1 M).
The slurry of soot and nitric acid was thermally treated under
80 °C for 24 h to remove the diesel ash impurities from the soot.
The soot and acid slurry was then passed through a 0.45-μm
glass fiber filter, and the soot retained on the filter paper was
rinsed with distilled water several times until the solution pH
reached 5.0. The soot was dried for 24 h at 105 °C, then was
sieved through a No. 200 U.S. Mesh sieve and soot was retained

Fig. 1 The Fourier transformed infrared spectra (FTIR) of DPF soot (top) and PAC (bottom)

Fig. 2 Surface microstructure of
untreated coconut shell PAC
before adsorption (left) and soot
before adsorption (right), the bot-
tom EDS mapping of soot
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on No. 325 U.S. Mesh sieve, yielding a purified 200 × 325 DPF
soot sample. The sootwas rinsed on theNo. 325U.S.Mesh sieve
and dried at 105 °C prior to use.

Coconut shell based, unmodified, activated carbon was
provide by Evoqua, LLC. The provided granular activated
carbon was ground with a Breville coffee grinder
(BCG800XL). The ground activated carbon was sieved
through a No. 200 U.S. Mesh sieve and was retained on No.
325 U.S. Mesh sieve, yielding a 200 × 325 PAC sample. The
PAC was rinsed by distilled water on the No. 325 U.S. Mesh
sieve. The PAC was then dried at 105 °C prior to use.

Fourier transform infrared spectroscopy

Infrared spectra (IR) of the DPF soot and powder activat-
ed carbon (PAC) were analyzed using a Thermo-Scientific
FTIR spectrometer with a deuterated triglycine sulfate de-
tector frequency range of 500–4000 cm−1. Samples were

totally dried under oven at 105 °C and prepared as pow-
der to use. Results spectra were compared to the standard
FTIR peak table to determine the functional groups de-
tected on the DPF soot and PAC surface.

Measurement of surface zeta potential

The surface zeta potential of DPF soot and PAC under a
range of pH conditions were determined by a Malvern
Zeta-Sizer. The suspensions were prepared by adding
0.05 g of soot or PAC into 50 ml of deionized water
and adjusting the pH to set-points in the range of 1.0 to
10.0. The isoelectric point (IEP) was then determined by
plotting the line chart of pH versus zeta potential. The
pKa value equals to the IEP. The surface functional
groups was determined by finding out the pKa value of
the soot and PAC.

Fig. 3 Elemental mapping of
Cd(II), Cr(VI), and Cu(II) on soot
(single system at 25 °C): SEM
soot (a, c, e), elemental mapping
Cd (b), Cr (d), Cu (f)
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Surface characterization of DPF soot and PAC
by SEM-EDS

The soot and PAC particles before and after adsorption
were dried in an oven for 24 h at 105 °C. The surface
microstructure of DPF soot and PAC particles before and
after adsorption were analyzed by scanning electron mi-
croscopy (SEM) with an accelerating voltage of 15 keV.
The elemental map of the DPF soot particles after adsorp-
tion of Cr(VI), Cu(II), and Cd(II) were analyzed by elec-
tron dispersive spectroscope (EDS).

Synthetic wastewater preparation

Water solutions were prepared by dissolving analytical grade
copper nitrate, cadmium acetate, and potassium dichromate in
distilled water separately to obtain Cd(II), Cu(II), and Cr(VI)

concentrations of 1000 mg/L. During the experiments, the
stock solution was diluted to the desired concentration and
the pH of the solution was adjusted to 4.5 ± 0.5 by nitric acid
and ammonia solution to prevent the precipitation of the target
chemicals.

Batch experiments

Batch tests appraising the adsorption isotherms were per-
formed by adding 0.1 g of soot or PAC to 200 mL of prepared
solutions to maintain metal concentrations from 20 to 200 mg/
L. The mixtures were shaken in a thermostatic shaker (New
Brunswick Scientific, Co. Inc.) with a stirring rate of 200 rpm
and temperature maintained at 25 °C. The samples were shak-
en for 24 h, and then removed. The sample was filtered with a
0.45-μm glass fiber filter. The filtrate was analyzed for metal
concentration with atomic absorption spectrometry (AAS)

Fig. 4 Elemental mapping of
Cd(II), Cr(VI), and Cu(II) on PAC
(single system at 25 °C): SEM
PAC (a, c, e), elemental mapping
of Cd (b), Cr (d), and Cu (f)
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(Perkin Elmer AAnalyst 200). In order to determine the effect
of temperature and competitive adsorption, the same proce-
dure as described was utilized, but temperature was adjusted
from 25 to 40 °C, and dosage concentrations became binary
instead of unary. The single compound tests were performed
for the three different heavymetals, namely Cd(II), Cu(II), and
Cr(VI) with concentrations from 20 to 200 mg/L at 25 and
40 °C. The binary tests were performed by adding Cr(VI) or
Cu(II) to Cd(II) or Cr(VI), and Cd(II) to Cr(VI). The experi-
ments were performed with both DPF soot and PAC. The
detailed testing matrix is summarized in Table 1:

In order to determine the influence of pH on Cd(II), Cr(VI),
and Cu(II) adsorption, tests were performed at a pH of 2.0,
3.0, and 4.0. Specifically, 0.1 g of adsorbent was added to
200 ml of solution with a metal concentration of 160 mg/L.
The adsorption capacity (qe) was compared with respect to
pH.

The kinetic studies were carried out by preparing 1.0 L of
target solution with a concentration of 100 mg/L of the desired
heavy metal. At time zero, 0.5 g of soot or PAC was added to
the solution. The mixture was shaken at 25 °C for 24 h with a
speed of 200 rpm. At predetermined time intervals, 5 mL
samples of solution were withdrawn from the 1.0 L solution.
The samples were then filtered with a 0.45-μm glass fiber
filter, and the metal concentration was analyzed by atomic
absorption spectroscopy (AAS) (Perkin Elmer AAnalyst 200).

Adsorption isotherms

Several equilibrium models have been developed to de-
scribe adsorption isotherms. The Langmuir model and
Freundlich model are the two most widely used models.
The Langmuir isotherm is used to describe the saturated
monolayer adsorption over a heterogeneous adsorbent

Fig. 5 Elemental mapping of Cd(II)/Cu(II), Cr(VI)/Cu(II), and Cd(II)/Cr(VI) on soot (binary system at 25 °C): SEM soot (a, d, g), elemental mapping of
Cd (b, h), Cu (c, f), and Cr (e, i)
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surface, and the Freundlich isotherm is applied as an em-
pirical, heterogeneous surface adsorption (Mohan and
Singh 2002). Additionally, the Langmuir isotherm as-
sumes the adsorption of each molecule onto the surface
has the same activation energy while the Freundlich iso-
therm also suggests that adsorption energy decreases ex-
ponentially on completion of the adsorption centers of an
adsorbent (Kyzas et al. 2014). In addition to Freundlich
and Langmuir, a monolayer model developed by Sellaoui
et al. (2017) was also applied during the analysis; it is
theoretically based on how a receptor site can accept nu-
merous metal ions which is different from the Langmuir
model.

The amount of metal adsorbed by the adsorbents in the
system was calculated by the mass balance Eq. 1:

qe ¼
V C0−Ceð Þ

m
ð1Þ

The Langmuir model, Freundlich model, and monolayer
model are described in Eqs. 2, 3, and 4, respectively:

qe ¼
qmaxbCe

1þ bCe
ð2Þ

qe ¼ K FC1=n
e ð3Þ

qe ¼
Q0

1þ c0:5
ce

� �n ð4Þ

where qe (mg/g) represents the metal concentration retained
on the adsorbents, C0 and Ce are the initial and equilibrium
metal concentrations. With regard to the monolayer model,Q0

is the adsorbed quantity obtained at saturation and n is the
number of ions per adsorption site. C0.5 stands for the concen-
tration at half saturation. V is the volume of the solution which
is 200 ml in the present study and m is the weight of the
adsorbent, which is 0.1 g herein.

Fig. 6 Elemental mapping of Cd(II)/Cu(II), Cr(VI)/Cu(II), and Cd(II)/Cr(VI) on PAC (binary system at 25 °C): SEM PAC (a, d, g), elemental mapping of Cd
(b, h), Cu (c, f), and Cr (e, i)
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Adsorption kinetics

Batch tests were performed to determine the kinetics of
adsorption. Adsorption kinetics may be controlled by sev-
eral theories: (1) bulk diffusion, (2) film diffusion, (3)
chemisorption, and (4) intra-particle diffusion. (Kyzas
et al. 2014). Two commonly applied kinetic models in-
clude pseudo-first-order and pseudo-second-order; both
were used to analyze the kinetic results herein. The
pseudo-first-order model was applied when the initial so-
lution concentration is very high and one adsorbate only
occupied one binding site (Kyzas et al. 2014; Azizian
2004). Additionally, pseudo-second-order model implies
that one adsorbate species occupied two binding sites
due to the chemisorption and when the initial solution
concentration is not very high (Kyzas et al. 2014;
Azizian 2004). These kinetic rate equations can be written
as follows:

ln qe−qtð Þ ¼ lnqe−k1t ð5Þ
t
qt

¼ 1

k2q2e
þ t

qe
ð6Þ

where qt (mg/g) is the amount of sorbate adsorbed at time t
and qe (mg/g) is the amount adsorbed at time of equilibrium.
The k1 (min) and k2 (g/mg min) are the rate constants of the
pseudo-first-order and pseudo-second-order equation,
respectively.

Results and discussions

Fourier transform infrared spectroscopy results

The FTIR spectra in Fig. 1 depict the DPF soot and PAC
response. Compared with PAC, the DPF soot particles ex-
hibits the same characteristic peaks. However, the peak posi-
tion at 1730.09 and 1516.62 cm−1, which stands for C=O
stretch in carboxylic acid, are sharper compared to PAC. The
peaks at 3035.21, 2950.98, and 2916.77 cm−1 represent hy-
droxyl stretch (-OH) which are very plentiful on the surface of
both PAC and soot (Larkin 2011). The plentiful amount of
hydroxyl and carboxyl functional groups could interact with
the heavy metal cationic ions through electrostatic force. In
addition, the soot surface maintains a higher concentration of
carboxylic functional groups than PAC as the peaks are sharp-
er (Fig. 1).

Surface characterization of soot and PAC by SEM-EDS

The surface microstructure of DPF soot and PAC before and
after the heavy metal adsorption was characterized by SEM,
and the surface elemental distribution was analyzed by EDS.
The results are shown in Figs. 2, 3, 4, 5 and 6.When compared
to PAC, which shows a very smooth surface with some pores
evenly distributed throughout, the DPF soot particle surface
shows a high degree of roughness as the single carbon black
nucleus agglomerate together to form the relatively complicat-
ed structures (Fig. 2). The higher surface roughness provides
support that the soot obtains larger external surface area and
suggests that more adsorption sites are readily available.

The EDS spectra of the DPF soot particle before adsorption
demonstrated that the majority of the soot particle is com-
posed of carbon (the highest peak) and oxygen, with trace
levels of silicon (Fig. 2). The trace level of silicon might be
derived from additives used in lubricating oil in diesel engines
(Sappok et al. 2009).

Figures 3 to 6 show the microstructure and elemental
distribution of soot particles after adsorption of Cu(II),
Cd(II), and Cr(VI) for both single and binary adsorbate
systems. The green, red, and yellow represent the

Fig. 8 The adsorption
mechanism of Cd(II) and Cu(II)

Fig. 7 The surface zeta potential of DPF soot and PAC with variable pH
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Fig. 9 Adsorption isotherms of Cd, Cr, and Cu at 25 °C: aDPF soot Langmuir, bDPF soot Freundlich, c, PACLangmuir, d PAC Freundlich, eDPF soot
monolayer model, and f PAC monolayer model
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concentration of Cd(II), Cr(VI), and Cu(II), respectively.
For all three EDS figures, the soot surface demonstrates
much higher Cu(II), Cd(II), and Cr(VI) concentrations
compared to the background image. The metals adsorbed
on the soot and PAC covered the adsorbent surface as
shown in the EDS mapping (Fig. 3–6). The EDS mapping
of the binary adsorbate systems in Figs. 5 and 6 show that
the competitive adsorption for both soot and PAC lessens
the intensity of the single adsorbate adsorption on the
surface. Therefore, in the binary system, the existence of
two heavy metals reduces the adsorption capacity of the
competing heavy metal. The results of the binary system
isotherms in Fig. 11 confirmed the EDS mapping results
and is in consistence with Sellaoui et al. (2017) that sug-
gests competitive adsorption reduces both Zn and Cd ad-
sorption efficiency.

Surface zeta potential analysis

Figure 7 depicts the effect of pH on the zeta potential of
DPF soot and PAC. The zeta potential of both adsorbents
became more negative with increasing pH. The isoelectric
point (IEP) is defined as the point when the positive zeta
potential shifts to negative and is often used to character-
ize the electro-kinetic behavior of solid surfaces (Strelko
et al. 2002). The IEP point can be used to determine the
pKa value of surface functional groups. As shown in
Fig. 7, the IEP value is between 2 and 3, which

corresponds to the pKa value of carboxylic acid. The
IEP value for the DPF soot particle is lower, which indi-
cates the degree of surface oxidation increases. Therefore,
both the DPF soot and PAC surface shows ample carbox-
ylic functional groups, as confirmed by the FTIR results.
As the adsorption solution pH is in the range of 4 to 5, the
carboxylic and hydroxyl functional groups loses one hy-
drogen ion so therefore exhibits a negative charge. The
strong carboxylic surface groups are likely responsible for
the steep fall in zeta potential (Strelko et al. 2002).
According to the following mechanism shown in Fig. 8,
the negative charged carboxylic and hydroxyl functional
groups have an extremely high affinity for Cd(II) and
Cu(II). However, for chromate, the negatively charged
functional groups will likely repel each other. Therefore,
the chromate adsorption is more likely a result of physical
adsorption or can be explained by redox reaction created
by the interaction between DPF soot and Cr(VI) (Wang
et al. 2010).

Adsorption isotherms

Adsorption isotherm at 25 °C

The adsorption isotherms of Cd(II), Cr(VI), and Cu(II) for
soot and PAC at 25 °C are provided in Fig. 9. The results
indicate that both DPF soot and PAC have much higher affin-
ity for Cr(VI), followed by Cd(II) and Cu(II). Compared with
Cu(II) and Cd(II), the Cr(VI) adsorption behavior is more
likely attributed to physical adsorption including Van Der
Waals force. Work performed by Wang (2010) suggests that
the Cr(VI) can be reduced to Cr(III) by the interaction between
carboxylic or hydroxyl acid functional groups on carbon
black, and the Cr(III) with three positive charges has extreme-
ly high affinity for carbon black (Wang et al. 2010). Since the
DPF soot possesses the same surface functional groups as
PAC, the interaction between Cr(III) and DPF soot might also
induce a similar mechanism. Considering the adsorption of
Cd(II) and Cu(II), despite the Van Der Waals force, the

Table 2 Cd(II) and Cu(II) adsorption capacity (mg/g) under variable
pH at 25 °C corresponding to initial concentration of 160 ± 20 mg/L

DPF soot PAC

pH Cd Cu pH Cd Cu

2 22.4 12.1 2 12.4 5.9

3 35.2 13 3 15.7 10.1

4 51.1 25 4 33.1 13

Table 3 Cd(II), Cu(II), and Cr(VI) 25 °C isotherm parameters

Langmuir Freundlich Monolayer model

Soot q b R2 k n R2 Q0 n C0.5 R2

Cd 86.95 0.0132 0.913 3.92 1.8597 0.857 52.93 2.256 27.2 0.98

Cr 109.89 0.2106 0.987 32.9 3.4722 0.944 126.4 3 7.634 0.987

Cu 82.43 0.0002 0.873 1.5 1.364 0.794 22 2.77 33.524 0.99

PAC q b R2 k n R2 Q0 n C0.5 R2

Cd 32.89 0.051 0.942 3.78 2.1939 0.911 36.8 1.888 21.3 0.945

Cr 69.44 0.0225 0.941 6.11 2.2614 0.767 64.25 2.19 18.46 0.92

Cu 16.42 0.0137 0.986 0.81 1.8903 0.916 16.7 1.86 34.256 0.98
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Fig. 10 Effect of temperature on the adsorption isotherms of Cd(II), Cr(VI), and Cu(II): a Cd Langmuir, b Cd Freundlich, c Cr Langmuir, d Cr
Freundlich, e Cu Langmuir, and f Cu Freundlich
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electrostatic interaction between surface functional groups and
cationic ions would facilitate the adsorption as indicated in
Fig. 8. In order to figure out the contribution of the electro-
static and non-electrostatic adsorption, adsorption capacity at
160 ± 20 mg/L under elevated pH was presented in Table 2.

The degree of dissociation of carboxylic and hydroxyl func-
tional groups increases with increasing system pH, so that pH
will impact the surface charge of soot and PAC particles (Zhou
et al. 2016). As the pH increased from 2.0 to 4.0, the adsorp-
tion capacity increased by almost half for both DPF soot and

Table 4 Thermodynamic parameters for the adsorption of Cd(II), Cu(II), and Cr(VI) on DPF soot and PAC

Soot ΔG(KJ/mol) ΔH(kJ/mol) PAC ΔG(KJ/mol) ΔH(kJ/mol)

25 °C 40 °C 25 °C 40 °C

Cd(II) − 6.4 − 9.33 − 52.01 Cd(II) − 9.54 − 10.78 − 10.92
Cu(II) 3.98 − 3.6 − 156.15 Cu(II) − 5.24 − 5.6 − 3.43
Cr(VI) − 13.25 − 7.9 − 2.41 Cr(VI) − 7.71 − 7.15 − 2.29

Fig. 11 Binary adsorption of Cd(II), Cr(VI) at 25 °C: a soot Langmuir, b soot Freundlich, c PAC Langmuir, and d PAC Freundlich
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PAC. According to the zeta potential results, the pH increase
from 2.0 to 4.0 results in a deprotonation of carboxylic and
hydroxyl functional groups, further facilitating the electrostat-
ic interaction.

The equilibrium adsorption data were modeled with
Langmuir, Freundlich, and monolayer isotherms, and the cor-
responding isotherm constants are in Table 3. It is readily
apparent that both Langmuir and monolayer isotherm pos-
sesses a higher regression coefficient than the Freundlich iso-
therm for all the three metals tested herein. These results sug-
gest that the adsorption occurs at discrete adsorption sites on
the surface and the maximum adsorption occurs when the
surface is covered by a monolayer of adsorbate
(Amarasinghe and Williams 2007; Veli and Alyuz 2007).
Furthermore, the monolayer model provides the best fit to
the data compared with the Langmuir model for all metals
tested. The monolayer model was developed based on the
Langmuir model but it assumes the single adsorption site
can accommodate multiple ions, which is shown as n in the
model (Sellaoui et al. 2017). From Table 3, we observe that
n(Cr) > n(Cu) and n(Cd), which means that both the DPF soot
and PAC are more selective for Cr(VI) than Cu(II) and Cd(II).
Therefore, the sorption of Cd(II), Cu(II), and Cr(VI) is most
likely occurring at functional groups/binding sites on the

surface of the DPF soot and PAC. Therefore, the monolayer
model offers better modeling of the adsorption mechanism
(Sari and Tuzen 2009; Sellaoui et al. 2017).

When comparing the ultimate loading of the results in
Table 7 for both DPF soot and PAC, it is apparent that the
DPF soot possesses higher capacity for Cr (IV) than PAC.
Specifically, the DPF soot adsorbed 105 mg Cr (IV) per gram
of DPF soot, compared to the 42 mg Cr (IV) per gram of PAC.
The ultimate loading for Cd (II) is similar for both DPF soot
and PAC. The ultimate loading for Cu (II) is the lowest of all
metals tested herein, but is nearly double for DPF soot than
that of PAC.

Effect of adsorption temperature

The effect of temperature on the adsorption capacity was stud-
ied at 25 and 40 °C, and the results are presented in Fig. 10 and
Table 5. The adsorption capacity decreased as the temperature
increased from 25 to 40 °C for all three metals. As previously
reported, the Langmuir isotherm provides the best fit for both
25 and 40 °C, which means that the temperature change does
not alter the adsorption mechanism and adsorption sites on the
DPF soot and PAC (Table 4). In order to confirm the results
that the adsorption process is an exothermic reaction, the
Gibbs’ free energy (ΔG) and enthalphy (ΔH) were calculated
using Eqs. 7 and 8:

ΔG0 ¼ −RTln K1ð Þ ð7Þ

ΔH0 ¼ −R
T2T1

T 2−T1

� �
ln

K2

K1

� �
ð8Þ

where K1 and K2 are the Langmuir constants, b, from Table 3
multiplied by 1000, corresponding to the b values at both 25
and 40 °C.

The calculated thermodynamic parameters for DPF soot
and PAC are presented in Table 4. The Gibbs’ Free Energy
for all three metals is negative, which confirms the feasibility
and spontaneous nature of the adsorption (Mohan and Singh
2002). Further, the negative values of enthalphy (H) indicate
the exothermic nature of the adsorption process for both DPF

Table 5 Langmuir and Freundlich isotherm constants for Cd(II), Cu(II),
and Cr(VI) adsorption at 40 °C

Langmuir Freundlich

Soot q b R2 k n R2

Cd 29.76 0.0361 0.936 4.67 2.8802 0.794

Cr 58.82 0.0210 0.872 2.27 1.5221 0.842

Cu 51.28 0.0041 0.979 0.41 1.2822 0.891

PAC q b R2 k n R2

Cd 12.50 0.0630 0.967 3.99 4.6838 0.846

Cr 53.76 0.0156 0.981 2.32 1.7271 0.932

Cu 18.15 0.0086 0.949 0.340 1.4314 0.946

Table 6 Langmuir and Freundlich isotherm constants for binary
adsorption at 25 °C

Langmuir Freundlich

Soot q b R2 k n R2

Cd, Cr 51.02 0.0141 0.972 2.51 1.8786 0.903

Cr, Cu 88.91 0.0206 0.999 19.86 2.7285 0.918

Cd, Cu 28.65 0.3431 0.737 15.22 7.0921 0.931

PAC q b R2 k n R2

Cd, Cr 54.05 0.006 0.907 0.56 1.243 0.900

Cr, Cu 48.70 0.0186 0.939 2.07 2.0631 0.927

Cd, Cu 32.05 0.0075 0.906 0.35 1.2310 0.922

Table 7 Ultimate loading of single and binary systems under 25 °C

Soot Ultimate loading (mg/g) Soot Ultimate loading (mg/g)

Cd 47.0 Cd/Cr 28.8

Cr 108.0 Cr/Cu 107.4

– – Cd/Cu 30.4

PAC Ultimate loading (mg/g) PAC Ultimate loading (mg/g)

Cd 35.4 Cd/Cr 25.8

Cr 42.2 Cr/Cu 37.2

– – Cd/Cu 19.2
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soot and PAC. Therefore, adsorption of Cd(II), Cu(II), and
Cr(VI) will be inhibited by increased temperatures. This was
confirmed by Sari and Tuzen (2009) and Sari et al. (2007) ,
who demonstrated the same phenomena for the inhibition of
adsorption with increased temperatures for Cd(II) and Pb(II)
onto biomass.

Binary adsorption isotherms

Adsorption in multi-component systems is more complicated
than single compound systems due to competitive adsorption.
The adsorption isotherms of binary contaminant systems of
Cd(II)/Cr(VI), Cr(VI)/Cu(II), and Cd(II)/Cu(II) are presented

Fig. 12 Adsorption Kinetics at 25 °C: a and b corresponding to pseudo-first-order model, c and d corresponding to pseudo-second-order model

Table 8 Kinetic constants for adsorption of Cd(II), Cu(II), and Cr(VI)

Soot PAC

Pseudo-first-order Pseudo-second-order Pseudo-first-order Pseudo-second-order

K1 R2 K2 R2 K1 R2 K2 R2

Cd(II) 0.0032 0.5627 0.004 0.998 0.0044 0.625 0.004 0.999

Cr(VI) 0.0078 0.9010 0.001 1.000 0.0064 0.888 0.001 1.000

Cu(II) 0.0032 0.4160 0.007 0.999 0.0059 0.805 0.005 0.999
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in Fig. 11. The adsorption isotherms were obtained at 25 °C.
For each binary system, 20 mg/L of Cr(VI) or Cu(II) was
added to each solution ranging from 20 to 200 mg/L of
Cd(II) or Cr(VI). For both DPF soot and PAC, the presence
of 20 mg/L Cr(VI) or Cu(II) in the solution adversely affects
the adsorption of Cd(II) and Cr(VI).

As reported in Table 5, the binary adsorption results are
adequately fit by both Langmuir and Freundlich models. For
Cd(II)/Cr(VI) and Cr(VI)/Cu(II), the Langmuir model fit the
result slightly better than the Freundlich model as shown in
Table 6. According to Table 7, the ultimate loadings for the
single compound system is lower for Cd(II) and Cr(VI) com-
pared to the binary system, specifically, the Cd(II) adsorption
capacity reduced by almost half. And this data was slightly
lower for Cr (VI), which means Cu(II) has weaker impaction
on Cr(VI).

Adsorption kinetics

In order to understand the controlling mechanisms of the ad-
sorption process such as mass transfer or chemical reactions,
two kinetic models were tested, which were pseudo-first-order
and pseudo-second-order. Based on the results presented in
Fig. 12, the adsorption kinetics of Cd(II), Cu(II), and Cr(VI)
are best modeled by pseudo-second-order. The regression co-
efficients for all metals tested herein support pseudo-second-
order, as presented in Table 8. The pseudo-second-order mod-
el assumes that the initial adsorption rate is rapid followed by a
slower adsorption rate, due to chemisorption mechanisms
(Wang et al. 2011). Therefore, during the beginning of adsorp-
tion, the adsorption sites are open and metal ions interact rap-
idly with adsorbents due to high diffusion rates of metal ions
attributed to the much higher concentration gradient between
the bulk solution and adsorbent surface. However, the adsorp-
tion rate decreases sharply as diffusion slows due to lower
concentration gradients across the adsorbent surface area
(Amarasinghe and Williams 2007).

Conclusion

Porous carbon-based soot samples were recovered from a
DPF and were utilized as an adsorbent in the present study.
The equilibrium sorption of three metal ions, Cd(II), Cu(II),
and Cr(VI) were appraised for both DPF soot and PAC.
Herein, the authors appraised all three metals as single com-
pound systems and as binary systems. The adsorption perfor-
mance was appraised at both 25 and 40 °C. The surface mi-
crostructures of the DPF soot and PAC was characterized by
SEM-EDS. The surface functional groups of both adsorbents
were appraised by FTIR. The surface zeta potential of the
carbon soot was studied to determine the isoelectric point.

Compared with activated carbon, DPF soot appears to pos-
sess more surface roughness and surface area as observed
during SEM analysis. The EDS spectra revealed that the
DPF soot possesses a similar chemical composition with com-
mercial activated carbon. The FTIR results indicate that both
the DPF soot and PAC are dominated by hydroxyl and car-
boxylic functional groups. Interestingly, the surface density of
these functional groups appears higher for soot. Herein, both
adsorbents possess a high surface acidity and low isoelectric
point.

Results indicate that the adsorption of heavy metals by
DPF soot and PAC occur through both electrostatic interaction
and physical adsorption. The Gibb’s free energies of adsorp-
tion were calculated to confirm the adsorption is exothermic
and spontaneous for all three metals. The isotherm results for
both single and binary systems were best fit by the monolayer
model and Langmuir isotherm. The kinetic study demonstrat-
ed that the pseudo-second-order kinetic model best fits all
three metal ions.

In sum, DPF soot is a viable adsorbent for the elimination
of heavy metal pollution from aqueous systems. DPF soot
could be a very low-cost adsorbent applied in this capacity;
however, adoption requires overcoming the technical chal-
lenges of efficient recovery and purification.
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