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Abstract Efficiencies in metal removal (Cd(II),
Cr(VD), Ni(II),and Pb(I)) using as sorbent an unmod-
ified sludge generated in the wastewater treatment
pond from the wool industry in the city of Trelew
(Patagonia, Argentina) were evaluated through batch
sorption experiments. Optimal sorption conditions
regarding mass of sorbent, contact time, pH, and
metal initial concentrations were assessed. Sludge
was characterized by a low porosity and scarce
organic matter content. In addition, the sorbent pre-
sented an important variety of functional groups, nec-
essary for the metal sorption. Kinetic studies revealed
that the metal retention onto woolen sludge had better
fit of experimental data to the pseudo-second-order
model (R? between 0.956 and 1.000), indicating that
the process was jointly controlled by multiple mecha-
nisms dominated by chemisorption. Sorption equilib-
rium data for Pb and Cd fitted to both Langmuir and
Freundlich models, while Ni adjusted better to Lang-
muir model and Cr to Freundlich model. The maxi-
mum sorption capacities of the woolen sludge were
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1 Introduction

The negative impact on the environment by an inade-
quate wastewater management containing heavy met-
als continues to be a topic of study in force around
the world (Ahmed et al., 2019; Boateng et al., 2019;
Marinho et al., 2017; Zhou et al., 2020). Although
there is a natural basal concentration in the environ-
ment of certain metals (generally in low concen-
trations), uncontrolled release of wastewater from
activities, such as nuclear energy, chemical manu-
facturing, mining, and metallurgical industries, nega-
tively affects the quality of water bodies, organisms,
and farmlands and, ultimately, through the food chain
and human health. In Patagonian coast of Argentina,
the environmental presence of heavy metals with dif-
ferent levels of concern has been attributed to natural
sources as well as urban, mining, oil, industrial, and
port activities (Gil et al., 2019). In Chubut province,
a recent study pointed out an anthropic enrichment of
Cd, Pb, Cr, and Ni in saltmarsh soils (Idaszkin et al.,
2020).

Wastewater treatment technologies have been
developed to bring urban and industrial discharges to
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recommended metal level concentrations, in order to
minimize negative consequences. As in many other
environmental problems, the technologies that ini-
tially emerged such as coagulation/flocculation, ion
exchange, flotation, membrane filtration, chemical
precipitation, and electrochemical treatment are asso-
ciated with high economic costs (Carolin et al., 2017).
The economic requirement implies that these technol-
ogies are beyond the reach of many countries and pri-
vate companies. In the past few decades, technologies
that more environmentally friendly, simpler in opera-
tion, and with lower cost began to emerge (Chai et al.,
2021; Huang et al., 2020). Among them biosorption
stands out, a process is characterized by metal attrac-
tion to certain present components onto the cell wall
of biological substrates (Beni & Esmaeili, 2020).

Different substrates such as vegetable/agriculture/
forestry matrices (Garg et al., 2007; Gupta et al.,
2018; Khan et al., 2016; Kiruba et al., 2014), algae
(Cui et al., 2019; Demey et al., 2018; Pradhan et al.,
2019; Rathinam et al., 2010), yeasts, fungi, and peat
(Bartczak et al., 2018; Das et al., 2012; Noormoham-
adi et al., 2019) have been used as potential sorbents.
Semi-solid wastes generated as sub-product in waste-
water treatment processes such as activated sludge
(Ferro Orozco et al., 2008; Gulnaz et al., 2005; Pag-
nanelli et al., 2009; Remenarova et al., 2012), munici-
pal pond sludge (Giarratano et al., 2019), and diary
industrial sludge (Sassi et al., 2010) have also been
evaluated.

Among the main features affecting the potential
of biomass in sorption process are pH, temperature,
sorbent dosage, metal concentration, and contact
time (Huang et al., 2020). The efficiency of a par-
ticular sorbent will also depend on the presence and
abundance of functional groups on its surface and its
affinity for the metal under treatment. In particular,
the heavy metal sorption onto sewage sludge surface
is usually attributed to the formation of complexes
between metals and the carboxyl, hydroxyl, and phe-
nolic surface functional groups of the extracellular
polymeric substances (AjayKumar et al., 2009).

Despite the worldwide importance of wool indus-
try, it accounts for less than 3% of total world fiber
supply, while synthetic fibers represent more than
50% (Simpson, 2002). In 2018, the global wool pro-
duction was 1.141 million tons (American Sheep
Industry Association, 2018). In the 2018-2019 har-
vest, Argentina was the third world producer of
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wool with 40,696 tons. Of that output, 31.77% cor-
responded to Chubut province (AWF, 2019), being
entirely processed in the woolen industrial park of
Trelew city. Wool processing involves several chemi-
cal and mechanical steps, among which it is possible
to mention: scouring, carbonizing, bleaching, dye-
ing, oiling, fulling, and finishing operations (Staro-
voytova, 2012). From these processes, an unusual
and extremely complex type of wastewater is gener-
ated, which includes the natural impurities of the
fibers used, and the processing chemicals (Singh &
Yadav, 2014). In particular, the liquid presents high
concentration of organic material, wool grease, deter-
gent, lanolin, short wool, silt, and dyes. At the physi-
cal-chemical level, values of BOD5 15 to 40 g L,
COD 30 to 150 g L™, total grease 9 to 50 g L™!, sus-
pended solids 15 to 80 g L™, and alkaline pH were
described (Peldez et al., 2001). Treatment by means
of stabilization ponds for both sewage and indus-
trial wastewater is widely used due to its simplicity
and low cost (Verbyla et al., 2017). A relevant aspect
is that the sludge accumulation can have a negative
impact on treatment efficiency, resulting in short-cir-
cuiting of flow and reduced mean hydraulic residence
time (Coggins et al., 2019). The extraction, adequate
treatment of sludge, and its subsequent reuse in vari-
ous purposes represent a widely beneficial manage-
ment strategy, mainly for the generation of agronomic
fertilizer (Dubis et al., 2020; Nunes et al., 2021;
Scaglia et al., 2018) and alternative energies (Kwon
etal., 2012; Liu et al., 2021; Rulkens, 2008).

The main goal of this research was to investigate
the potential use as sorbent of metals of a sludge
generated in a wastewater treatment system from a
wool industry. The removal of Cd(II), Ni(Il), Pb(Il),
and Cr(VI) from each monometallic aqueous solu-
tion using batch systems was tested. The influence on
sorption of pH, sorbent mass, and contact time was
evaluated.

2 Materials and Methods

2.1 Study Site—Sorbent Collection

Wastewater from the wool company “La Peinaduria”
in Trelew city (latitude: 43° 14’ 57.486" S; longitude:

65° 18’ 27.486" W) (Fig. 1) is pretreated to extract
yarn waste and lanolin, and then, it is conducted
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Fig. 1 Location and aspect
of the wastewater treatment
system of the wool industry
in Trelew (Patagonia,
Argentina) and location of
the drying piles from where

the sludge samples were X
taken 405
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to a system of settling, stabilization, and evapora-
tion ponds, located 4.5 km from the factory. The
whole system is comprised by 6 ponds, occupying
an area of 16 Ha. Periodically, the bottom sludge is
extracted and accumulated in open air-drying piles
in the surroundings of the pond. Dry sludge samples
were taken from these piles for the metal sorption
experiments.

2.2 Sludge Sorbent Characterization

Once in the laboratory, the sorbent under study was
analyzed for moisture content, after drying in an
oven at 105 °C. In order to determine the content of
organic matter, a fraction of dry sludge was calci-
nated at 450 °C for a period of 4 h (Baird et al., 2017).
Enumeration of culturable heterotrophic fungi and
bacteria serial dilution was done by triplicate (Wol-
lum II, 1982) using the rose Bengal chloramphenicol
agar (Martin, 1950) and the plate count agar (Baird
et al., 2017), respectively. The following biomole-
cules concentrations were measured: proteins (Lowry
et al., 1951), carbohydrates (Gerchakov & Hatcher,
1972), and lipids (Bligh & Dyer, 1959). Chlorophyll
“a” and phaeophytin were measured according to
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Wool industry wastewater treatment system

the fluorometric technique of Lorenzen and Jeffrey
(1980).

A granulometry assay was performed using mesh
size sieves of 0.063 mm, 0.125 mm, 0.425 mm, and
2 mm. About 100 g of dried sludge was placed on
the top sieve, being the individual fractions sepa-
rated by shaking in a vibratory sieve shaker (Zony-
test) for 15 min at 150 rpm. Particles trapped on each
sieve were removed and weighed, being the results
expressed as the percentage retained in each sieve.

The bulk mineralogy was analyzed by X-ray dif-
fraction (XRD) using a PANalytical X Pert Powder
diffractometer, which is fitted with a copper tube,
operating at 45 kV and 40 mA and a post-diffraction
graphite monochromator. Semi-quantification of the
major mineralogical components was performed after
processing the bulk sediment XRD scans in the soft-
ware package X’Pert High-Score Plus (PANalytical)
using the Rietveld full-pattern fitting method.

Surface morphology of sludge was analyzed with a
JEOL 6460LV low vacuum scanning electron micro-
scope (SEM) with a back-scattered electrons (BSE),
an accelerating voltage of 20 kV, and a spot size of 60
(probe diameter). The instrument is equipped with an
energy dispersive X-ray spectrometer (EDS) system
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to determine the elemental composition during SEM
observations. Flements were automatically identi-
fied and quantified by the INCA software, and results
were normalized to 100%. Copper was used as stand-
ard for the quantitative analysis.

In addition, the initial contents of Cd, Cr, Ni, and
Pb in sludge were analyzed by optical emission spec-
trometry (ICP-OES, Agilent-720), according to the
EPA Method 3051A (USEPA, 2007). Briefly, about
0.5 g of dried sludge was placed in quartz microwave
vessels with nitric and hydrochloric acids. Vessels
were sealed and heated in a NovaWave SPC SCI-
ENCE microwave at 180 °C for 10 min. After cool-
ing, the vessel contents were diluted to 50 mL and
then analyzed by ICP-OES.

The presence of surface functional groups was
analyzed by using a Fourier transform infrared
(FTIR) spectrometer (Thermo Scientific NICOLET
6700). Sludge was dried at 60 °C and rubbed in agate
mortar. Then, a pellet was made with 1% (w/w) of
the sample dispersed in KBr. The FTIR spectra were
obtained from 400 to 4000 cm™! with a resolution of
4 cm~! and 75 single scans.

2.3 Batch Sorption Experiments
2.3.1 Synthetic Solution Preparation

Stock solutions of Ni, Cd, Pb, and Cr were prepared
from Ni(NO;),.6H,0, CdCl,.H,0, Pb(NO;),, and
K,Cr,0,, respectively, and dissolved in deionized
water. Reagents used to prepare the stock solutions
were of analytical grade.

2.3.2 Study of Optimal Sorption Conditions

The optimal sorption conditions were examined, and
the removal efficiencies were measured under: (1) dif-
ferent pH conditions, (2) different contact times, and
(3) various sorbent masses together with different ini-
tial concentrations of metal.

1) To evaluate the influence of pH, 0.10 g of sorb-
ent were stirred in 100 mL of solution containing
metal concentration of 50 mg L' for a period of
180 min, varying the pH in the following values:
2,3,4,5,and 6.

2) For testing the effect of the sorbent mass, experi-
ments were carried out by stirring a metal solu-
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tion of 50 mg L' with 0.10, 0.25, 0.50, and
1.00 g of sludge at pH 4 and a contact time of
180 min.

3) Finally, the contact time was tested with the fol-
lowing intervals: 15, 30, 45, 60, 90, 120, 180, and
240 min; for each of the following metal concen-
trations: 10, 25, 50, and 100 mg L. Regarding
the fixed variables, pH was of 6 for Cd, Ni, and
Pb, and 2 for Cr, and sorbent mass was 1.00 g.

In all cases, sorption tests were conducted in 250-
mL Erlenmeyer glass flasks, mixing a known weight
of sludge in 100 mL of a monometallic solution in
duplicates, keeping the temperature fixed at 20 °C,
and shaking speed of 200 rpm. After completing
each experiment, 10 mL of the mixture was extracted
from the glass flasks and centrifuged at 3000 rpm for
5 min, and then, the measurements of final metal con-
centrations were made on the supernatant liquid using
an ICP-OES Agilent-720.

Sorption efficiency of sludge was calculated in
function of the sorption capacity at equilibrium state
(g,), according to Egs. 1 and 2.

(G-

g (28 =10 1)
g m

0

. . < (CO B Ce) >
Biosorption (%) = e x 100 )

where ¢, is the solute mass adsorbed per unit adsor-
bent mass at equilibrium (mg g~!), C, is the initial
concentration of solute in the solution (mg L_l), C,
is the solute concentration at equilibrium (mg L71),
V is the solution volume (L), and m is the adsorbent
mass (g).

2.3.3 Sorption Isotherm and Kinetic Modeling

The sorption isotherms, through the calculation of
their constants, allow knowing surface and affinity
properties of sorbents. At the same time, they are a
useful tool to compare the sorption efficiency among
different sorbents.

In order to assess the equilibrium and kinetic con-
ditions, experiences were carried out with 100 mL of
synthetic solution of each metal in contact with 1.00 g
of sludge and stirring rate of 200 rpm for 240 min.
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Samples of 10 mL were centrifuged at 3000 rpm for
5 min. The pH was fixed at 6 for Cd, Ni, and Pb, and
at 2 for Cr, the temperature was maintained at 20 °C.
Initial metal concentrations of 10, 25, 50, and 100 mg
L~! were experimented.

The obtained experimental data were fitted with
the Langmuir and Freundlich models according to
Egs. 3 and 4, respectively. The Langmuir model pro-
poses a single layer, superficial sorption with an infi-
nite and equal number of sites for the sorption, while
Freundlich model is based on the fact that sorption
is multilayer and on a heterogeneous surface (Sari &
Tuzen, 2008).

mg. Qmaxbce
9 =T ©)
Ing, = In(K,) + (}11)111(06) )

where ¢,,,, relates to the maximum adsorption capac-
ity (mg g~'), b is the constant of the Langmuir iso-
therm (L mg™'), K, is the Freundlich constant (mg
g1, and 1/n is the degree of heterogeneity (mg~1).

Several models can be used to express the mecha-
nism of solute sorption onto a sorbent. The sorption
kinetics of the metals onto the industrial sludge were
tested using pseudo-first-order, pseudo-second-order,
and intra-particle models according to Egs. 5, 6, and
7, respectively.

In(q, — q,) = In(q,) — kyt )
t__1 1 6
9 kaq? q, ©
g, = Ky0'"? ©)

where g, is amount of solute sorbed on the surface
of the sorbent at time 7 (mg g~ '); k; is the Lager-
gren first-order constant (min~'); k, is the Lagergren
second-order constant (g mg~' min~!), and K, is the
intra-particle constant (mg g~! min=%).

2.3.4 Experiences of Exchangeable Cations

In order to investigate the ion exchange contribution
in metal desorption, batch experiments were per-
formed with 1 g of sludge in 100 mL of solution with

a concentration of 50 mg L~! of Cd, Cr, Ni, and Pb.
The fixed parameters were pH 6 for Cd, Ni, and Pb
and pH 2 for Cr; temperature of 20° C; stirring speed
of 200 rpm; and contact time of 15, 30, 45, 60, 90,
120, 180, and 240 min. For each time interval, con-
centrations of Ca, Na, K, and Mg were also analyzed
by ICP-OES Agilent-720.

3 Results and Discussion
3.1 Woolen Sludge Characterization

The moisture and organic matter contents, as well as
mineralogy and elemental composition of the woolen
sludge, are shown in Table 1. The matrix proposed as
sorbent was characterized by 20% of humidity, 15%
of organic matter in dry weight, and a high pres-
ence of microorganisms. The low moisture content
is expected since the sludge was sampled from open
air-drying piles located in an area with arid weather,
where length of daily sunshine is about 10 h in sum-
mer and 4-5 h in winter, average annual precipita-
tion below 200 mm, and strong winds (EMC, 2021).
Regarding the relative low total organic content, it
may be attributed to the fact that the industrial pond
was characterized by generating an anaerobic liquid,
which implies a null phytoplankton development in
surface water, and this was consistent with the low
content of pigments in the sludge. Among the three
components of organic matter analyzed, the lipid con-
tent was approximately three times greater than pro-
tein and carbohydrates. This could be associated with
the important presence of wool wax and wool grease,
carried away during the scouring (Starovoytova &
Namango, 2014). In particular, it was observed that
wool wax is hydrolyzed forming sterols that are accu-
mulated in the sludge and free fatty acids that are
degraded (Gutiérrez et al., 1999).

The grain size was characterized by a broad pre-
dominance of sand (67% coarse, 12% medium, 6%
fine) and 15% of silt clay (Table 1). X-ray diffraction
patterns showed that the major crystalline phases
were plagioclase, quartz, phyllosilicates, and, to
a lesser extent, K-feldspar and calcite (Table 1).
Other minerals were identified in contributions less
than 1% (such as magnetite, hematite, and pyrite).
Regarding the elemental composition obtained by
SEM-EDS, oxygen was the most abundant element
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Table 1 General
characterization of the

woolen sludge

Unit Mean +SD

Moisture content % 20.1+0.6

Organic matter % 14.9+0.9

Ashes % 85.0+1.0
Microorganism concentration Bacteria CFU gww™! 6.7x107

Fungi CFU gww™! 9.9x10°
Organic composition Proteins mg ¢! 13.4+0.7

Carbohydrates mg g~! 11.2+1.8

Lipids mgg~! 355+1.3

Chlorophyll “a” pg g”! 1.8+0.2

Phaeophytin ug g”! 6.5+1.0
Grain size Coarse sand % 67

Silt—clay % 15

Medium sand % 12

Fine sand % 6
Bulk mineralogy Plagioclase % 35.02

Quartz % 24.74

Phyllosilicates % 24.20

K-Feldspar % 11.85

Calcite % 2.16
Elemental composition (0] % 43.70

C % 26.96

Si % 18.82

Al % 3.88

Fe % 2.00

K % 1.92

Na % 1.12

Ca % 0.91

Mg, Mo, S, Ti, Cl % <0.50
Pseudototal metal composition Cd ug g~ ! 0.41+0.05

Ni pg g~ ! 11.75+0.84

Pb pg g 6.67+1.63

Cr pg g~ ! 13.24+1.00

(43.7%) indicating likely the presence of silicates
and oxides of different types, followed by carbon
(26.9%) and silicon (18.8%). Besides the contribu-
tion of calcite, the relative high percentage of total
C reveals the significant presence of the organic
component; meanwhile, Si might indicate the sandy
character of the sludge. These three elements rep-
resent almost 90% of the total elemental compo-
sition of the wool sludge. In the remaining 10%,
several elements such as Al, Fe, K, Na, and Ca
were also found although in lower concentrations
(3.88-0.91%); meanwhile, Mg, Mo, S, Ti, and Cl
were present in trace amounts (< 0.5%).

@ Springer

Regarding the initial content of the 4 studied met-
als in the raw sludge, low concentrations were found,
which reflect no significant contribution from the
industrial process (Table 1). Those values were below
the maximum admissible limits in soils for agricul-
tural uses established by the Secretary of Sustain-
able Development and Environmental Policy (Res.
97/2001).

The FTIR spectra are used to determine the
vibrational frequency, allowing to identify the
functional groups present in the sorbent (Lasheen
et al., 2012). Figure 2a shows the FTIR spectra
pattern, where the following functional groups in
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Fig. 2 a FTIR spectra and b SEM image of the woolen sludge

the woolen sludge were present: stretching of the
hydroxyl groups and the amine group of polymeric
compounds (OH- and -NH symmetric and antisym-
metric; peak in 3409 cm™'); alkalyl group (-CH,;
peaks in 2921 and 2852 cm™), and carboxylic acid
groups (-COOH; a peak around 1726 cm™! and in
1242 cm™!). The absorption band at 1641 cm™
can be assigned to the stretch of C=0 in polysac-
charides, peptides, and proteins (Kowalski et al.,
2018). The band at 1542 cm™! would correspond
to the stretching vibrations of —CN and the defor-
mation vibrations of -NH. The absorption band at
1423 cm™! is attributed to the phenolic or alcoholic
—OH groups and to the stretching of the C=0 of the
carboxylate group. The strongest band at 1033 cm™!
can be assigned to the vibration of the -C—-O-C and
—OH groups of polysaccharides. The signal between
1100 and 1160 cm™" is attributed to the deformation
of sulfonates (—-SO,) present in functionalized poly-
saccharides. The band at 795 cm™! would indicate
the presence of sulfur compounds, while the bands
between 460 and 520 cm™~! would indicate the pres-
ence of organophosphates aliphatic compounds
with aromatic rings. The woolen sludge presented
an important variety of functional groups, which
have been described in other sorbents with active
participation in the sorption of metals (Kiruba
etal., 2014).

Result of scanning electron microscope (SEM) of
the surface morphology of woolen sludge is given in
Fig. 2b. The irregular surface and different porosity
levels of sludge can facilitate the retention of metal
ions.

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

=1=

3.2 Optimal Conditions of the Sorption Process
3.2.1 pH and Sorbent Mass Effects

The pH effect on removal of the 4 metals onto woolen
sludge was evaluated with pH values of 2, 3, 4, 5, and
6 with an initial concentration of each metal of 50 mg
L~! (Fig. 3a). During the metal sorption process, the
pH in the solution is a relevant aspect in the sorption
efficiency. It determines the competition for the active
sites of the sorbent between the protons and the met-
als present in the solution (Hammaini et al., 2007),
influencing on the surface properties of the sorbent
(Garg et al., 2007) and the metal speciation (Reddy
& Lee, 2014). For Pb, Cd, and Ni, an increase in the
removal efficiency was observed with the increasing
pH values. The highest efficiency was registered for
Pb at pH 6 (78.2%), with the minimum for this ele-
ment at pH 2 (8.06%). For Cd, the maximum effi-
ciency was obtained at pH values of 5 and 6 (average
33.07%), being less than 10% at the other pH values.
For Ni, the mean removal was of 15.64% at pH values
of 4, 5, and 6, while it was practically negligible at
lower pH values. Greater sorption removal efficien-
cies have been described at pH values between 5 and
6, associated with the presence of negative charges at
the sorbent surface, favoring the bond between sorb-
ent and metal cations (Das et al., 2012; Dehghani
et al., 2019). The opposite effect occurs at low pH,
where the sorbent walls would be charged with pro-
tons, which exerts repulsive forces on metal cations
(Hammaini et al., 2007). Chromium presented a dif-
ferent behavior, reaching an efficiency of 3.5% in the
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Fig. 3 The effect of a pH

b) Mass effect
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lowest pH values (2 and 3) and being null in the oth-
ers. This is in accordance with the anionic form of
this metal (HCrO,"), requiring the generation of posi-
tive charges on sorbent surfaces at low pH. It must
be observed that maximum removal obtained in this
study was lower than those reported for a wide vari-
ety of sorbents under similar pH conditions (Bansal
et al., 2008; Garg et al., 2007; Khan et al., 2016;
Zhang et al., 2017). This could be explained by the
fact that generation of positive charges also depends
on the pKa of organic functional groups and on the
average point zero of charge of the mineral phases
present in the sorbent. The low Cr removal at pH 2
in our study could be associated with a low ratio of
sorbent mass/solution volume (0.1 g of sorbent in
100 mL of solution).

The influence of sorbent mass on sorption is direct
and related with increased availability of active sites,
improving the percentage of removal (Das et al.,
2012). This pattern was observed for Pb, Cd, and Ni,
which had the maximum removal with 1 g of sorb-
ent mass (Fig. 3b). The removal efficiency for Pb was
higher than 94% with masses above 0.25 g and of 60%
with 0.1 g of sludge. While for Ni and Cd, there was
a more attenuated progression with 0.25 g of sorbent,
the removals were 59.68% and 32.07%, respectively;
and with 1 g of sorbent, the removal efficiency was
maximum, being 76.7% (Ni) and 95.5% (Cd). Some
studies registered greater metal removal efficiency by
increasing sorbent mass (Khan et al., 2016; Kiruba
et al., 2014). A different behavior was obtained for
Cr, with no removal efficiency for any masses tested.
This may be directly related to the fact that the exper-
iments were carried out with a pH of 4, which does
not favor the Cr sorption (Cui et al., 2019).
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The removal efficiency presented the follow-
ing decreasing affinity pattern Pb>Cd>Ni>Cr
(Fig. 4). Regarding Cd, removal efficiencies were
greater than 90% after 90 min of contact time. In the
first 90 min, for the initial concentration of 100 mg
L~!, the removal efficiency was lower than for the
other concentrations, although after 15 min the
removal reached 80.02% (Fig. 4a). The removal of
Cr was lower than the other metals, reaching a maxi-
mum of 36.69% at the lowest initial concentration
(10 mg L7!). Removal efficiencies between 14.05
and 20.42% were found for the other initial concen-
trations (Fig. 4b). Nickel sorption was characterized
by a gradual increase in removal with the progress
of the experiment, reaching at 240 min the follow-
ing removals: 89.03% (10 mg L™Y), 90.79% (25 mg
LY, 86.02% (50 mg L™1), and 68.06% (100 mg L)
(Fig. 4c). The sorption mechanism of Pb was the fast-
est and the most effective even for the highest initial
concentration (100 mg L"), achieving a removal of
94.04% after 15 min (Fig. 4d). In general, there were
no differences among the removals for the different
initial concentrations of Pb, reaching values between
96 and 98%.

The fast sorption rate is directly related to the fact
that at the beginning, the presence of available active
sorbent sites is greater in proportion to the amount of
metal in solution. The increase in the initial concen-
tration of the metal causes a saturation of the active
sites of the sorbent, requiring more contact time to
bind the metal with an unoccupied site and achieve
maximum efficiency. It is a rapid two-phase pro-
cess: initially the driving force is higher, and bind-
ing sites with higher affinity are occupied very fast.
The remaining less affinity sites are slowly occupied
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until equilibrium is reached
Remenarova et al., 2012).

(Choi & Yun, 2006;

3.3 Sorption Kinetics

With the aim of better understand the sorption mech-
anism, it is important to determine the model that
governs the sorption kinetics of a particular sorbent
and to predict the controlling step in the whole pro-
cess. Models of pseudo-first-order, pseudo-second-
order, and intra-particle diffusion were used in order
to assess best fitting of experimental data, showing
the corresponding correlation coefficients (R?) and
kinetic parameters in Table 2. When pseudo-sec-
ond-order model is applicable, the plot #/gt versus
t exhibits a linear relationship. The data of all met-
als fitted much better to the pseudo-second-order
model (Table 2, Fig. 5), indicating that the kinetics
of the sorption process onto woolen industrial sludge
was characterized by a predominance of chemisorp-
tion phenomenon and it is the rate-determining step
over other processes. The k, values for all elements
diminished with increasing initial concentrations,
which could evidence an enhancement in the com-
petition between metal cations themselves and with
protons for the same active sites (Bohli et al., 2013).

Considering the same initial concentration, k, values
found for each element decreased in the following
order: Pb>Cd > Ni> Cr, which shows the affinity of
woolen sludge for each metal ion. With the lowest Cr
concentration, the three models presented similarly
high R? values.

3.4 Sorption Isotherms

Equilibrium sorption studies were performed to
determine the maximum metal adsorption capaci-
ties of woolen sludge. Sorption isotherm represents
graphically the relationship between the quantity of
metal adsorbed onto sorbent (g,) and the remainder
concentration in the solution (C,), at the equilibrium
stage. Isotherms were evaluated using the widely
used Langmuir and Freundlich models.

The constants and R” values for both models are
shown in Table 3. The isotherm data for Cd and Pb
adjusted significantly to both Langmuir and Freun-
dlich models, with R greater than 0.95. This implies
that the sorption mechanism is the result of a combi-
nation of mono and multilayers on the surface of the
wool sludge. The sorption of Ni was better explained
by the Langmuir model (R*=0.97), occurring in a
monolayer of active sites arranged homogeneously in

@ Springer
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Table 2 Kinetics parameters calculated according to the three models for the adsorption of Cd, Ni, Pb, and Cr onto woolen sludge

Pseudo-second order Pseudo-first order Intra-
particle
diffusion

ComgL™)  Gropeed  Tecucuaea ML) ko (g R R’ R?
(mgg™) mg~-min~")

Cd 10 0.866 0.870 1.005 1.000 0.680 0.655
25 2.156 2.160 0.913 0.999 0.646 0.633
50 4.311 4.330 0.215 1.000 0.853 0.697
100 8.287 8.417 0.029 0.999 0.898 0.868

Cr 10 0.385 0.460 0.034 0.956 0.967 0.957
25 0.547 0.625 0.036 0.963 0.870 0.897
50 0.752 0.820 0.049 0.964 0.640 0.705
100 1.621 1.816 0.015 0.977 0.826 0.777

Ni 10 0.911 0.926 0.248 0.999 0.876 0.876
25 2312 2.326 0.105 0.999 0.891 0.891
50 4.378 4.505 0.026 0.999 0.946 0.968
100 6.857 7.092 0.015 0.998 0.967 0.929

Pb 10 1.021 1.020 2.634 1.000 0.519 0.568
25 2.513 2.512 0.960 1.000 0.718 0.481
50 4.892 4.904 0.837 1.000 0.567 0.639
100 9.986 10.000 0.083 0.999 0.776 0.863

The highest values of R? are highlighted in bold

Fig. 5 Adsorption kinetic 300 - a) Cadmium 200 b) Chromium

plots for Cd, Ni, Pb, and Cr
according to the pseudo-
second-order model.
Experimental conditions:
1.00 g of sludge, pH 6 for
Cd, Ni, and Pb, and 2 for
Cr, temperature 20 °C

0 40 80 120

2;10 0 40 80 120 160 200 240

160 200
. t (min)
300 - c) Nickel . d) Lead
250 —~250
".‘u o
% 200 £ 200
g 150 £ 150
100 Z100
g >
04 ‘ : ‘ : ‘ ‘ 0 ; = ‘ ‘ ; .
0 40 80 120 160 200 240 0 40 80 120 160 200 240
t (min)
¢10mgl’ W25mglL’ AS0mglL’ ®100mgL*

the sorbent. Meanwhile, Cr fitted better to Freundlich
model (R”=0.89), which indicates that the sorption
would take place in a heterogeneously distributed mul-
tilayer. The sorption processes of the four metals onto
woolen sludge presented values of 1/n between 0.1

@ Springer

and 1.0, which displays a favorable sorption, accord-
ing to Bazargan-Lari et al. (2014). The sorbent showed
the following efficiency gradient: Cd> Ni~Pb> >Cr.
Sorption capacity of wooden sludge was compared
through maximum metal uptake capacity (g,,) with
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Table 3 Langmuir

. Metal Langmuir isotherm Freundlich isotherm

and Freundlich models

constants and the q,, (mg g™ b (L mg™") R? Ky (mg g™ 1/n (mg™h) R?

correlation coefficients for

sorption of the metals by Cd 29.33 0.06 0.959 2.08 0.90 0.956

woolen sludge Cr 1.10 0.08 0.830 7.82 0.52 0.894
Ni 15.77 0.06 0.972 1.13 0.57 0.905
Pb 14.16 0.38 0.954 4.01 0.90 0.959

The highest values of R? are highlighted in bold

Table 4 Comparison between the maximum adsorption val-
ues obtained with woolen sludge versus other matrices, under
experimental conditions similar to our study

Biosorbent q,, (mg g~ Citation
Cd Woolen sludge 29.33 Our study
Banana peel 5.91 Deshmukh et al., 2017

Spyrogira biomass 18.18 Kumar & Oommen,
2012
Activated sludge  57.30 Remenarova et al.,
2012
Dairy sludge 66.70 Sassi et al., 2010
Cr  Woolen sludge 1.10 Our study
Jatropha oil cake 0.82 Garg et al., 2007
Sewage sludge 1.88 Chen et al., 2017
Activated sludge 3.00 Ong et al., 2010
Algal biomass 17.00 Cui et al., 2019
Ni  Woolen sludge 15.77 Our study
Activated sludge 9.10 Zhai et al., 2004
Algal biomass 30.20 Donmez et al., 1999
Grapefruit peel 46.10 Torab-Mostaedi et al.,
2013
Peat 61.27 Bartczak et al., 2018
Pb  Woolen sludge 14.16 Our study
Tea waste 1.35 Mondal, 2010
Plant biomass 13.19 Wang et al., 2015
Activated sludge  30.25 Pagnanelli et al., 2009
Mango peel 96.32 Igbal et al., 2009

The highest values of R? are highlighted in bold

other unmodified sorbents under similar experimental
conditions. Table 4 highlights the great variability
among matrices and the complexity of making
comparisons. Regardless of the metal, woolen sludge
presented greater or similar sorption capacity than
some agro-industry residues, microalgae biomass,
and some activated sludge. However, it had lower
efficiency than that registered by dairy sludge,
vegetable biomass, peat and activated sludge.

3.5 Cationic Exchange in Metal Sorption
Experiences

The ion exchange process occurs when heavy metal
ions in the solution are exchanged with cations of
other metals and/or protons present in the sorbent.
The concentration of the soft metals K*, Mg**,
Ca?*, and Na® is evaluated in solution and is dis-
played in Fig. 6. The same cation-releasing pat-
tern (Na>Ca>K=xMg) was observed for Pb, Cd,
and Ni adsorption experiences. In a similar study,
using mango peel waste for removal of Pb and
Cd, it was found the following order in the cation
exchange: Ca’">K*>Mg?*>Na* (Igbal et al.,
2009). According to the high concentration of Ca®*
(9.5 meq Ca L) at the end of the assay with Cr,
it is possible to highlight the significant role of
Ca®* in the ion exchange mechanism. The latter
would be associated with the fact that the experi-
ment with Cr was carried out at pH 2. Therefore,
the exchange would be more efficient with protons
than with Cr, as cell wall ligands would be closely
associated to H;O". The access of metal ions to
ligands would be restricted because of repulsive
forces (Hammaini et al., 2007), explaining the low
efficiency in chromium removal. Functional groups
participate in metal ion binding, being the sorption
process strongly pH dependent. According to the
experimental conditions, carboxyl groups would be
deprotonated in the Cr experiment, while carboxyl
groups and a part of phosphate groups would be
deprotonated with the other elements (Chojnacka
et al., 2005). This behavior contrasts with the cati-
ons distribution in the sludge, since the lowest
concentration corresponded to Na* and the highest
to K*, presenting an inverse predisposition to its
release. Since K* exhibits a lower electronegativity
and greater ionic radius, its diffusion is likely to be
slower than Nat (Malamis & Katsou, 2013).
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Fig. 6 Sodium, calcium, 12 a) Cadmium 10+ b) Chromium
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4 Conclusions

Unmodified sludge generated in a wastewater treat-
ment system of the wool industry of Trelew city
(Patagonia, Argentina) was examined as potential
sorbent for the uptake of Cd, Cr, Ni, and Pb. Initial
pH, sorbent mass, and the initial metal concentration
influenced the sorption efficiency of the 4 studied
metals. The sorption capacity was highest at pH 5-6
for Pb, Cd, and Ni and at pH 2 for Cr. Under the opti-
mal conditions of pH and sorbent mass, the sorbent
showed the following decreasing metal affinity pat-
tern: Pb=Cd>Ni> Cr. The sorption efficiencies for
100 mg L~! and at 240 min were of 96.09%, 93.91%,
68.06%, and 15.03%, respectively.

The experimental data showed a greater fit to
the pseudo-second-order kinetic model, suggesting
chemisorption as the dominating mechanism of
sorption. The application of isotherm models varied
according to the metal. Lead and Cd fitted to both
Langmuir and Freundlich models, so the sorption
would take place in a mix of homogeneous monolayer
and heterogeneously distributed multilayer, while the
equilibrium data for Ni fitted to Langmuir model,
and Cr sorption isotherm to Freundlich model. The
highest sorption capacities were 29.33 mg g~! for
Cd, 15.77 mg g! for Ni, 14.16 mg g~! for Pb, and
1.1 mg g~! for Cr. The presence of cations, mainly
Na* and Ca®", after experiments evidences that cation

@ Springer

exchange was involved in the mechanism of sorption.
The woolen sludge showed a different adsorption
capacity according to the study metals, implying that
its potential use as a sorbent for a certain effluent will
depend on the metal to be removed, its concentration,
and the limit level established by authorities for its
discharge.
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