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ABSTRACT

The Pb(II) adsorption characteristics of chemically activated waste activated sewage sludge (WAS)
were compared to raw WAS. Adsorption kinetics and equilibrium isotherm parameters were fit using
classic adsorption models. HCl and H2SOs activation terminated any significant sludge-based adsorp-
tion. Raw and ZnCl: activated WAS displayed Langmuir adsorption capacities of 307 mg/g and 274
mg/g, respectively. Surface characterization revealed that chemical activation with ZnClz increased
the BET surface area for raw WAS from 0.97 m?/g to 1.78 m?/g, but did not significantly change the
surface structure. FTIR analyses and XPS were used to further investigate the nature of lead binding.
The relationships between equilibrium ion concentration and Pb(II) adsorption suggest cationic ex-
change with hydrogen, calcium, and zinc as a significant mechanism of Pb(Il) removal alongside
electrostatic attraction. The pHrzc was determined as 2.58 and 2.30 for ZnCl: activated WAS and raw

WAS respectively. HNOs and Ca(NO3)2 demonstrated sufficient elution properties for WAS recovery.



For authentic industrial effluent both raw and ZnCl: activated WAS displayed Pb(II) removal behav-
iour comparable to simulated Pb(II) solutions. In comparison with modified and unmodified sludges
from literature, this study demonstrates the auspicious potential of raw WAS as an effective Pb(II)

adsorbent independent of pyrolytic or chemical activation.
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1. INTRODUCTION

Lead pollutants enter the environment through industrial activities such as mining, smelting, and
lead battery processing. The presence of lead in water is problematic due to its highly toxic nature
and its tendency to accumulate in ecosystems [1].

Conventional heavy metal removal techniques used to remove aqueous lead include adsorption,
membrane filtration, electrodialysis, precipitation, and ion exchange [2—5]. Adsorption has proven to
be an efficient and cost-effective means of removing aqueous lead ions from polluted water [6] using
materials such as biomass, clay, bentonite, zeolite, and activated carbon [7]. Solid wastes are increas-
ingly seen as attractive, sustainable sources for heavy metal adsorption materials, including agricul-
tural wastes [7-9] and industrial wastes [10—13].

Activated carbons are the most commonly employed adsorption material and can be obtained from
an array of organic wastes. In spite of this they are still considered relatively expensive [14].

Manufacturing activated carbon or biochar by the pyrolysis of sewage sludge has gained attention
as a promising means to produce inexpensive biosorbents from an abundant material while reducing
the landfill burden of municipal wastewater treatment plants [6,15—18], however the release of vari-
ous heavy metals during the reuse of sludge derived activated carbons [19] and the sensitivity of the
material properties to solution characteristics [20] can be cited as a cause for concern [19]. The
chemical activation processes used in sludge derived biochar also produce chemical wastes in the

form of acid/base residues or metal compounds [14].



Several studies have looked into the application of sludge-derived biochar for Pb(Il) adsorption
[21-25], while others have enhanced biochar adsorption properties with physical activation [26] and
chemical activation [23,24,26-30]. In addition, sewage sludge-derived adsorbents that have not un-
dergone pyrolytic processes have been employed for Pb(IT) removal including dried, raw waste acti-
vated sewage sludge (WAS) [20] and chemically modified WAS [31].

WAS typically consists of a heterogeneous variety of organic and inorganic compounds, microbes
and debris [32]. The properties of the sludge vary according to the process from which they are
sourced. This sludge is typically obtained from settling tanks that follow secondary wastewater treat-
ment processes such as aeration tanks and trickle filters.

To improve adsorption properties in sludge-based adsorbents, various methods of chemical activa-
tion have been studied. Chemicals used for activation prior to pyrolysis typically include H2SO4 [16],
ZnCl2[6,19,33], HCI [33,34], KOH, and H3POu4 [6]. These compounds catalyze dehydration reactions,
resulting in development of porous structures within the carbon [35] that facilitate better adsorption.

This study investigates whether WAS can be employed as an adsorbent without the need of any
energy intensive pyrolytic processes and whether chemical activation by commonly used HCI, H2SO4
or ZnClz significantly improve Pb(Il) adsorption. The investigations initiated a kinetic study that in-
cluded the fitting of pseudo-order models, after which less effective adsorbents were excluded from
further experimentation. Particle characterization was thereafter undertaken to examine the properties
of the WAS and what effect chemical activation or adsorption had on those properties. Adsorption
equilibria were studied, and several adsorption isotherm models were fitted to the data. Subsequently,
regeneration studies using HNO3 and Ca(NO3) were performed. Finally, to assess the potential of the
adsorbents to industrial application, the effectiveness of the adsorbent at treating bona fide industrial
effluent from an automotive battery recycling plant was assessed in equilibrium batch adsorption

experiments.



2. MATERIALS AND METHODS
2.1. Materials preparation

WAS was obtained from a wastewater treatment plant south of Pretoria, South Africa, and dried
for three days at 70 °C. For chemical activation, 6 g samples of dried unactivated WAS were wet with
60 mL of activating agent. Zinc chloride [27], hydrochloric acid [36], and sulfuric acid [37] were
separately used for WAS activation. Concentration, dilution volumes, and pH of the agents can be
found in Table 1. After 1 h, the mixtures were diluted, centrifuged, and rinsed. The volume of water
used for washing the adsorbents is presented in Table 1. The activated WAS was thereafter dried
overnight at 70 °C.
Table 1. Concentration of agents used to chemically activate secondary sludge, as well as the mixture

pH before drying the activated WAS and the amount of water used in washing activated WAS.

Activating agent Concentration pH of water after Water used for
washing washing (mL)

ZnClz 167 g/L 6.05 425

HCI 32 % m/m 2.31 480

H>SO4 98 % m/m 2.64 1500

Once dried, both the raw and activated WAS were crushed with a mortar and pestle and sieved to
ensure a particle size <300 um. A 10 000 mg/L Pb(NO3)2 as Pb solution was prepared as a source of

aqueous lead adsorbate.

2.2. Adsorption kinetics experiments

A series of experiments were carried out to investigate the adsorption kinetics of the raw WAS and
chemically activated WAS. Batch adsorption was employed at room temperature using 0.5 g/L. ad-
sorbent prepared in 200 mL reactors containing Pb(II) in solution with concentrations ranging from

10 — 50 mg/L Pb(II).



The batch reactors were sampled at various time intervals and passed through 0.45 pm syringe
filters. The concentration of aqueous lead remaining in solution was measured with a Perkin Elmer
AA400 atomic absorbance spectrophotometer (Perkin Elmer, Waltham, Massachusetts).

The mass of aqueous lead adsorbed onto WAS, Q, was calculated using Equation 1:
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Where Q is in mg/g, C, and C are respectively the initial and sampled bulk concentrations in mg/L,
W 1is the adsorbate mass in g, and V is the volume of the batch reactor in L. The sampled adsorptions

were fit to a pseudo-first-order isotherm described in Equation 2 [38], a two-phase pseudo-first order

isotherm in Equation 3 [39], and a pseudo-second-order isotherm in Equation 4 [38]:
Q(6) = Qel1 — exp(—kqt)]
Q(t) = Qe,fast[l - exp(_kl,fastt)] + Qe,slow[l - exp(_kl,slowt)]
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Here, Q. is the equilibrium value of adsorbed Pb(Il) in mg/g, t is time in min, k; and k, are the
pseudo-first and pseudo-second order rate constants respectively in 1/min and g/(mg-min). In Equa-

tion 3, the sum of Q, 5 and Q, g, gives the overall equilibrium adsorption capacity.

2.3. Mass Transfer Studies

Adsorption proceeds as a series of mass transfer steps in which adsorbate is transported by diffusion
from the bulk of the liquid through a stagnant boundary layer to the external surface of the adsorbent
— external mass transfer (EMT). Subsequently, the adsorbate is transported diffusionally through the
pores of the adsorbent — internal mass transfer (IMT) — to the active adsorption sites on the surface.
Finally, the adsorption takes place by either chemisorption or physisorption onto the surface of the

adsorbent. The rate of the process is determined by the slowest step/s in the process [40]. The EMT



model assumes that the surface concentration on the adsorbent tend to zero at initiation of the adsorp-
tion experiments, i.e. immediately after adsorbent was introduced. This model is mathematically de-

scribed by equations
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where Cy is the bulk adsorbate concentration. By fitting the linear curve of In(C;/C,) against time

(for t — 0), and calculating the total area of adsorbent to reactor volume ratio (a/V') using Equation

7, the mass transfer coefficient (ks) can be estimated for the different adsorbent systems investigated.
a o6W
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The IMT of an adsorbate within an adsorbent, modelled as a sphere with radius r and constant

7

effective adsorbate diffusivity De, can be described by the Crank model in Equation 8 [41]:
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The analytical solution of Equation 8 can be expressed by Equation 9 [41]
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Equation 9 provides a method to estimate the mass of adsorbate adsorbed as a function of time
assuming internal mass transfer as the rate limiting step in the process. Due to the infeasibility of the
sum to infinity in Equation 9, simplifications for different experimental times are indicated in Equa-

tion 10 [41].
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Once the EMT and IMT parameters (D, and k) have been successfully estimated, the influence of

these parameters on the system can be estimated using the dimensionless Biot number for mass trans-
fer (Equation 11). The Bi number provides a criterion for the relative influence of EMT and IMT
effects on the adsorption system. Bi > 100 indicates a predominantly IMT limited system, while Bi <

100 indicates that the adsorption process is controlled by EMT [42].

Bi = 11

2.4. Characterization of adsorbents

Particle size distribution was determined using a MastersizerHydrosizer 3000 (Malvern Instru-
ments, Malvern, United Kingdom) for 5 minutes, in order to break down any agglomerates present
before being fed into the instrument for analysis.

A Micrometrics TriStar II BET analyzer (Micrometrics Inc., Norcross, USA) was used to obtain
the Brunauer-Emmett-Teller (BET) specific surface area of the adsorbent material before and after
activation. Liquid nitrogen at 77 K was used for the measurements. The samples were degassed by
vacuum drying for 10 h at a temperature of 100 °C in order to remove moisture and impurities before
measurement.

WAS particle morphologies were studied using an ultrahigh-resolution field emission scanning
electron microscope (HR FESEM Zeiss Ultra Plus 55, Carl Zeiss AG, Oberkochen, Germany) with
an InLens detector. An acceleration voltage of 1 kV was used to ensure maximum resolution of sur-
face detail. All samples were first coated with conductive carbon using an EMITECH K950X coater.
The scanning electron microscope used was also fitted with an energy dispersive X-ray spectrometer
(EDS), this was used to establish the elemental composition of selected sites on the WAS particles.
In order to obtain accurate results, the samples were first cast in resin, upon curing the samples were
polished and carbon coated before analysis.

Fourier transform infrared (FTIR) spectra of the both raw and activated WAS before and exposure

to 250 mg/L Pb(II) were recorded on a PerkinElmer Spectrum 2000GX FTIR spectrometer (Perkin
7



Elmer, Waltham, USA) using an attenuated total reflection (ATR) attachment. All FTIR spectra were
recorded at a resolution of 1 cm™ for 16 scans from 4000 to 550 cm™! and represent the average of 16
scans.

X-ray photoelectron spectroscopy (XPS) was used to characterize both raw and activated WAS
before and after exposure to 100 mg/L Pb(Il) with a Thermo ESCAlab 250 Xi (Madison, USA).

Samples were rinsed with distilled water after adsorption experiments and dried at 60 °C.

2.5. Adsorption equilibrium experiments

The equilibrium behavior of the adsorbents was studied using batch adsorption experiments. Serum
bottles containing 0.5 g/L of adsorbate were prepared with 30 mL of Pb(II) solution in concentrations
ranging from 0 to 1000 mg/L Pb and sealed with rubber stoppers. The bottles were agitated at 120
rpm and maintained at 30, 40 or 50 °C using a water bath (Labotec EcoBatch Model 207, Labotec
(PTY) Ltd, South Africa). Due to the very heterogenous nature of WAS, equilibrium experiments
were performed with sextuplicate replication. The pH as well as concentrations of lead, calcium, and
zinc were measured well after equilibrium was reached (24 h) using atomic absorbance spectropho-
tometry (Perkin Elmer, Waltham, Massachusetts).

Isotherms were fit using least squares regression for commonly employed adsorption models. The
Langmuir isotherm model is frequently used under the assumption of a fixed number of homogeneous
sites where reversible, monolayer adsorption takes place with no interaction between adsorbate spe-

cies [43] and can be expressed as:

Q — QmaXKLCe
e T 11KC, 12
Where Q. is the maximum saturated monolayer adsorption capacity (mg/g), K;, is the Langmuir

adsorption equilibrium constant (L/mg) related to the affinity between adsorbate and adsorbent, and

C, is the equilibrium concentration of Pb(Il) in solution (mg/L).



The Freundlich isotherm equation describes reversible, non-ideal, multilayer adsorption and is usu-
ally used for heterogeneous adsorbents like biomass [44]. This model has, however, been found to
inadequately describe the linearity range at very low concentrations or saturation effects at very high

concentrations [43]. The Freundlich isotherm is expressed in Equation 13 [43,44]:

1
Qe = KpCE = Ky} 13

In Equation 13, K is the Freundlich constant in (mg/g)/(mg/L)2 and « is the Freundlich intensity
parameter. The isotherm is linear when o = 1, favourable when a < 1, and unfavourable when a >
1 [43]. In addition, it has been reported that a value for @ (Equation 13) between 0 and 1 indicate the
surface heterogeneity, with more heterogeneous surfaces having values closer to 0 [44].

The two-surface Langmuir model (Equation 14) was presented by Irving Langmuir in his seminal
paper on adsorption modelling [45]. This model assumes that sorption takes place on two types of
surfaces, each with different binding energies [45,46]. The enumeration in the subscripts indicates to
which of the two surfaces the parameter belongs. This model is powerful as it provides a mechanistic
description of adsorption on heterogeneous surfaces, therefore providing insights otherwise lost i.t.o.

heterogeneous adsorption.

Q — Qmax,lKLlce Qmax,ZKLZCe
T 1+ K,LC, | 1+K,C, 14

To ensure no precipitation of Pb, as a result of Pb hydrolysis, initial solution pH was adjusted to 4
after Hammaini, Gonzalez, et al. [20] and Hawari & Mulligan [47]. Equilibrium pH, Zn(Il), and
Ca(Il) were additionally measured. The effects of pH on adsorption capacity were determined by
preparing 0.5 g/L. of adsorbate with 30 mL of 100 mg/L Pb(II) solution adjusted to pH of 2, 4, and 5.
pH values greater than 5 was not investigated because at pH values much greater than 4 significant
Pb hydrolysis occurs with accompanying precipitation of insoluble Pb-hydroxyl complexes [48]. Ad-
ditionally, the zeta potential were determined with a Malvern zetasizer Nano ZS for pH values be-

tween 2.00 and 12.00.



WAS regeneration experiments were carried out with HNO3 [49-52] and Ca(NOs)2 [53]. Although
CaClzis generally used as a Ca(II) source for regeneration [47,51,54], it was avoided to prevent PbClz
precipitation [47]. For regeneration with HNO3, 0.5 g/L of WAS adsorbents were exposed to 100
mg/L initial Pb(IT) for 24 h. Adsorbents were thereafter recovered with filter paper and rinsed with
distilled water before being dosed as 0.5 g/L into 0.1 M HNOs solution. Lead concentrations were
measured for each step.

Regeneration with Ca(NO3)2 was studied in more detail as a preferential eluent, since acidic eluents
tend to destabilize pH [47,55]. Four 24 h adsorption-desorption cycles were performed. Pb(II) was
loaded in adsorption cycles using 100 mg/L Pb(NO3)2 while 1.5 M Ca(NOs3)2 at pH = 4 was used to
unload Pb(II) in desorption cycles. WAS was dosed at 0.5 g/L for each cycle and was recovered
using filter paper. The adsorbent was also rinsed multiple times with distilled water and dried before
reuse. The pH as well as concentrations of lead, calcium, and zinc were measured well after equilib-
rium was reached using atomic absorbance spectrophotometry.

Untreated industrial effluent was obtained from a car battery recycling plant in Germiston, South
Africa. The measurement of various ions in the effluent was achieved using a 940 Professional IC
Vario ion chromatograph (Metrohm, Switzerland) with separation column Metrosep C 6 — 250/4.0
(Metrohm, Switzerland) and C 6- eluent- § mM oxalic acid (Metrohm, Switzerland). The effluent
adjusted from pH < 0.5 to pH =4 and was dosed with 0.5 g/L and 1.0 g/LL WAS for 24 h. Equilibrium
Pb(II) concentration was measured using atomic absorbance spectrophotometry (Perkin Elmer, Wal-

tham, Massachusetts). .

3. RESULTS AND DISCUSSION

3.1. Adsorption kinetics experiments

Adsorption of Pb(II) onto WAS activated by HCI and H2SO4 proved negligible due to the invalida-

tion of active sites by these acids, likely as a result of hydrolysis of the carbonaceous surface by the
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respective activation agent [56]. The effects of these adsorbents on solution Pb(II) concentration are
presented in the supplementary material Figures S1 a) and b).

Kinetic parameters were fit to the data of Pb(II) adsorption onto raw WAS and ZnCl: activated WAS
with initial concentrations of adsorbate ranging from 10 to 50 mg/L Pb(I). The parameters fit for
pseudo-first-order, two-phase pseudo-first-order, and pseudo-second-order models are displayed in

Table 2 and plotted in Figure 1.

In most runs, it was found that two-phase pseudo-first-order fits had the highest coefficients of
determination (average R? = 0.963). This is most likely due to the separation of fast and slow ad-
sorption rates into separate compartments, allowing for better representation of a heterogeneous sur-
face. Additionally, the pseudo-second-order model (average R? = 0.960) was found to represent data
slightly better than pseudo-first-order kinetics (average R? = 0.934). This may indicate an abundance
of adsorption sites relative to Pb(II) ions in the solution [57,58].

For pseudo-first- and pseudo-second-order models, the rate constants k; and k, were found to de-
crease with increases in initial bulk concentration. This is due to the rate constants being inversely
proportional to the time scale of the model since higher bulk concentrations of Pb(Il) require longer
time scales to reach adsorption equilibrium [38]. The two-phase pseudo-first-order model, however,
appeared to maintain rate constants independent of initial Pb(II) concentrations but with the fraction
of the fast phase decreasing with an increase in Cy. This is most likely also due to longer periods of
time required for high bulk concentration adsorption to reach equilibrium, resulting in larger slow
phase fractions.

Figure 1 shows how the three adsorbents have similar kinetic parameters. Raw WAS exhibits sig-
nificantly faster adsorption rates than other materials, but possess lower adsorption capacities for all
initial concentrations except for 50 mg/L. This is confirmed in the kinetic-model parameter estima-
tions presented in Table 2, where on average raw WAS rate constants are the highest and adsorption

capacities are the lowest across all models.
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To establish the relative influence of EMT and IMT on the adsorption process, Equations 6, 7, and
10 were evaluated for the respective adsorbents (raw WAS and ZnCl activated WAS) and the Bi
numbers were estimated. The results are reported in Table 3 and the fit showing the comparison of
Equation 10 with the experimental results for the respective adsorbents are shown in Figure 2. The
results provide strong evidence for an IMT dominated system; Bi > 100 for all adsorbents. In addi-
tion, the IMT model (Equation 10) predicts the adsorption processes for both the WAS adsorbents
very accurately. This is likely an indication that the WAS adsorption processes were dominated by
IMT throughout the experimental runs, i.e. the adsorption processes were much faster than the mass

transport processes.
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Figure 1. Adsorption rate curve of Pb(Il) onto raw and activated WAS shown with 95 % prediction intervals shown as shaded areas. a-c: Raw WAS, d-
f: ZnClz activated WAS, for initial Pb(II) concentrations ranging from 10 mg/L to 50 mg/L. The 95% prediction interval indicates the region within

which there is a 95% probability of future observation [59,60].
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Table 2. Kinetic parameters for the adsorption of varied concentrations of Pb(Il) solution onto unactivated WAS, ZnCl: activated WAS.

Pseudo-first-order

Two-phase pseudo-first-order

Qe,slow

Pseudo-second-order

Adsorbent Co (mg/L Qe ky . 2 Qe,fast ks, fast ke, slow 2 Qe k;, ‘ 2
Pb) (mg/g) (1/min) (mg/g) (mg/g) (1/min) (1/min) (mg/g) (g/[mgmin])
10 107 0901 0750 854 276 134 0117 0797 112  0.131 0.799
20 21.8 0956 0.894 1831 449 134  0.117 0929 228  0.0783 0.935

Raw WAS 30 43.0 0423 0.876  24.63 2007 134  0.117 0900 453  0.0148 0.913
40 590 0560 0921  40.88 2032 134 0117 0943 615  0.0162 0.950
50 86.8  0.483 0942 5442 3598 134  0.117 0992 907  0.00919 0.991
10 157 0324 0991 1528 042 0344 00444 0990 164 0317 0.970
20 36.0 0288 0998  33.07 3.03 0344 0.0444 0994  37.6  0.180 0.972

%@%2 activated 30 482 0239 0993 3836 1094 0344 0.0444 0993  50.6  0.00713 0.991
40 651 0208 0986 4630 2090 0344 0.0444 0995 685  0.00446 0.996
50 734 0182 0975 4656 29.64 0344  0.0444 0997  77.7  0.00333 0.997
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Table 3. Parameters fit for the determination of EMT and IMT influences in the adsorption of Pb(II)

onto WAS.
ke(m.s™) Adjusted R? D, (m?s')  Adjusted R? Bi
Raw WAS 3.15x10*  0.8557 3.71 x 1012 0.9363 17466
ZnCl2 Activated WAS 4.61x 10+ 0.9127 1.75 < 1012 0.9623 54304
1.5
-~ Raw WAS
-# ZnCl, Activated WAS
£
g
<]

0.0 T T T T 1

0 10 20 30 40 50
t (min)

Figure 2. Fitted experimental adsorption kinetics relative to maximum adsorption using the Crank

diffusion model shown with a 95 % prediction interval in the shaded area.

3.2. Characterization of adsorbents
3.2.1. Particle size distribution and BET surface area

The particle characteristics of the WAS before and after ZnCl activation is presented in Table 4
below. The median particle size (dso) of both samples was large with 206 and 187 pm recorded for
raw and activated WAS, respectively. The smaller particle size for activated WAS is likely a result
of the grinding down with a mortar and pestle after drying the sample. The BET surface area of the
two samples is also recorded in Table 4. An 83.5% increase in surface area was observed in the ZnClz
activated WAS (1.78 m?/g) compared to the initial material (0.97 m?/g). This observation is consistent
with findings from other researchers who also reported increased surface areas when using ZnClz as
an activating agent [61]. It should be noted that, assuming spherical sludge particles with an average

diameter equivalent to the dso diameters shown in Table 4 and an average sludge density of 1.24 g/mL
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[62], specific external surface areas of 0.023 m?/g and 0.026 m?/g for the raw WAS and ZnCl> activate
WAS particles can be calculated, respectively. This indicates that as much as 98% to 99% of the total
raw WAS and ZnCl: activate WAS surfaces areas consisted of intraparticle surface areas and there-
fore most adsorption sites were intraparticle. This supports the observation that intraparticle diffusion

was the rate limiting step in the system (Figure 2 and Table 3).

Table 4. Volume-based particle size distribution and BET surface areas of the WAS before and after

ZnCl; activation raw materials used.

dio?* (um) dso® (um) doo® (um) BET surface
area (m?/g)
Raw WAS 17.4 206 449 0.97
ZnCl2 Activated WAS 533 187 396 1.78

2d; refers to the diameter which a certain percentage (i %) of particles are smaller than.

3.2.2. Particle morphology and EDS

Figure 3 presents a FESEM micrograph of the WAS before and after activation. In both cases, the
particles exhibited irregular particle morphology. Despite the vigorous pre-treatment grinding pro-
cess, it was evident that the particles were highly agglomerated. The activated WAS exhibited ag-
glomeration of an order of magnitude bigger than the raw WAS. Another peculiar observation was
the presence of rod-like particles in the activated WAS which did not appear in the raw WAS images.
The reason for their occurrence is not known at present. The EDS spectra results obtained for the
WAS samples in conjunction with the FESEM micrographs can be observed in Figure 3. The ZnCl:

activated WAS showed the presence of Zn which was absent in the raw sample.
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Figure 3. FESEM micrograph of the WAS (a) before and (b) after activation; (c) and (d) show the

corresponding EDS spectra of the WAS before and after ZnClz activation, respectively.

3.2.3. FTIR

Fourier transform infrared spectroscopy was used to investigate the functional groups present in
the WAS adsorbent material. FTIR spectra of between 4000 and 550 cm™! wavenumbers were rec-
orded. Both adsorbents had similar functional group bands which suggest that the ZnCl: activation
did not greatly influence the surface chemistry. The spectra in Figure 4 presented great similarity to
results recorded in literature for sewage sludge [63—66]. A broad peak recorded in the range 3600 to
3000 cm™!' was attributed to variable stretching of O-H involved in variegated hydrogen bonding,
which is normally present in acids and alcohols. Vibrational peaks observed between wavenumbers
2980 and 2800 cm! were attributed to C—H stretching, which is associated with the presence of ali-
phatic chains [65]. The band at 2924 cm'! is representative of the asymmetrical C—H stretching in the
methyl group while the band at 2854 cm™! was likely due to the symmetrical stretching of the C—H

bonds from the methylene groups [67].
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Figure 4. FTIR spectra of WAS adsorbents before and after Pb(Il) adsorption.

The bands close to 1455 and 730 cm™! were due to CH2 scissoring and rocking vibrations, respec-
tively. The presence of -C=0 bonds from amide I was signaled by bands around 1630 cm™' while C-
N stretching from amide II was highlighted by the bands around 1540 ¢cm™' [63]. Bands at 1407 and
1230 cm! were assigned to the symmetric stretching of carboxylate groups and C-O stretching in
carboxylic acids, respectively. The prominent band between 1170 and 1000 cm™ is attributed Si-O-
Si asymmetrical stretching characteristic of WAS [63,66,68]. The wide range of polar functional
groups present on the activated WAS highlight the usefulness of the material as an effective adsorbent

due to the possible electrostatic interactions between the Pb and the surface groups.
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Significant peak shifts are seen following WAS activation with ZnCla. The amide I peak shifted
from 1635 to 1627 cm™' while amide II shifted from 1541 to 1537 cm!. This may be indicative of Zn
binding affecting oscillations in amide functional groups.

The loading of Pb(II) onto adsorbents affected C-N and C-O stretching in raw WAS, as seen in the
shifting of peaks from 1541 to 1525 and 1234 to 1225 cm! respectively. This suggests the involve-
ment of amide and carboxyl groups in adsorption. Interestingly, supplementary Figure S2 illustrates
the complete disappearance of bands for C-O, C-N, and O-H stretching in HCI and H2SO4 activated
WAS. It is likely that this disappearance was a significant contributing factor for poor adsorption
capacity in these adsorbents. Little to no shift is seen for C-N and C-O stretching in ZnCl: activated
WAS (1537 to 1535 cm™ and 1233 to 1234 cm!), possibly due to these functional groups not signif-
icantly being involved in adsorption. The red shift of the Si-O-Si peak (5 cm™) in raw WAS may be
a result of Pb adsorption. A decrease in wavenumber decrease has been reported for increased
metal/silicon ratio [69], but the small magnitude of the shift and lack of reflected behavior in ZnCl2

activated WAS may highlight the in significance of this observation.

3.2.4. XPS Analysis

Figure 5a) shows the wide scan XPS spectra of the WAS adsorbents before and after adsorption of
Pb(IT). The disappearance of the Ca2p3/2 peak from WAS at 347.1 eV is noticeable following ZnCl2
activation. The presence of Zn following ZnCl: activation was signaled by the peaks at 1045.2 and
1022.3 eV, corresponding to Zn2p1/2 and Zn2p3/2 respectively and indicates the presence of ZnO
(Figure 5b)). The 22.9 eV difference between the two peaks is characteristic of Zn(II) [70]. The de-
crease in Zn2p peak intensity also suggests the removal of Zn(Il) ions following lead adsorption.
Adsorbed lead is indicated by peaks at ~414 and ~437 eV corresponding to Pb4d [71], as well as
peaks at 138.5 and 143.2 eV corresponding to Pb4{7/2 and Pb4f5/2 respectively (Figure 5¢)) [72].

Figure 5d) shows the Si2p peaks for all adsorbents at 102.2 eV with the exception of raw WAS at

102.0 eV [73]. N1s peaks were observed between 399.5 and 399.8 eV for raw WAS, Pb-loaded raw
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WAS, ZnCl: activated WAS, and Pb-loaded ZnCl: activated WAS (Figure 5e)), characteristic of am-

ide functional groups — as observed in the FTIR analyses [74].
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Figure 5: XPS spectra of WAS adsorbents before and after adsorption: a) wide-scan spectra, b) high

resolution Zn2p spectra, c) high resolution Pb4f spectra, d) high resolution Si2p spectra, e) high res-

olution N1s spectra, f) high resolution O1s spectra, and g) high resolution C1s spectra.
Deconvoluted Ols peaks are shown in Figure 5g). Metal oxide, C-O and C=0O exhibited peaks

respectively at 530.5, 531.7, and 532.9 eV for raw WAS; 530.5, 531.6, and 532.7 ¢V for Pb-loaded
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raw WAS; no peak observed, 531.6, and 532.8 eV for ZnClz activated WAS; 530.5, 531.6, and 532.8
eV for Pb loaded ZnCl2 activated WAS. The absence of an increase in binding energy of Ols and
N1s peaks, usually associated with heavy metal-oxygen coordination [75-77], provides evidence for
the presence of pure ion exchange which depend entirely on coulombic attraction [78].

Figure 5f) shows the Cls scan. The heterogeneity of WAS is highlighted here, as the significant
variety in C-C sp3 and C-C sp2 can be attributed to diverse organic compounds rather than changes

in chemical structure brought about by ZnCl2 or Pb(NO3)a.

3.2.5. Influence of particle characteristics on adsorption kinetics

Considering the characterization results, it is interesting to note the similarity in the observed ad-
sorption behavior between the raw WAS and activated WAS (Figure 1). It is clear from the BET,
particle size results, and FESEM that the adsorption behavior is a result of more intricate surface
properties of the adsorbent as opposed to merely the physical surface properties such as specific sur-
face areas and morphology. The slower kinetic rates observed in ZnClz activated WAS in Figure 1
and Table 2 may be attributed to the particle agglomeration observed in Figure 3.

The similarities in the surface species present the adsorbents tested, with slight variation in the

resolution of the band, provide some insight into the similarities in the adsorption behavior observed.

3.3. Adsorption equilibrium experiments

The lack of Pb(II) adsorption from HCl and H2SO4 activated WAS during kinetic studies prompted
no further investigations into the adsorption equilibria of these materials.

A paired t-test determined that Pb(Il) adsorption differed significantly between ZnCl> activated
WAS and raw WAS (p = 0.0252).

Additionally, a two-way ANOVA assessing the role of temperature and initial concentration on

adsorption determined that the 20 °C temperature range over which the experiments were performed
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did not have a significant effect on the adsorption capacity of both raw and ZnCl activated WAS (p

=0.134). As a result, no meaningful thermodynamic analysis could be done.

3.3.1. Adsorption isotherm models

The lack of influence of temperature on adsorption capacity resulted in global isotherms being fit
for adsorption data across all temperatures. Parameters obtained from the fitting of various isotherm
models are presented in Table 5, and this data is visualized in Figure 6. The value of R? was calculated
for each of the models and was found to have decreasing magnitudes in order: Two-surface Langmuir
> Freundlich > Langmuir. The lowest coefficients of determination overall for the Langmuir adsorp-
tion isotherms is likely due to the assumption of homogeneous adsorption sites misrepresenting the
wide range of sites involved in adsorption that were identified during WAS characterization. The
Freundlich adsorption isotherm accounting for surface heterogeneity exhibited the second-best fit.
This goodness of fit may in addition suggest multilayer adsorption on the surface of the WAS [79,80].
Two-surface Langmuir adsorption isotherms appear to fit best. This is most likely due to the grouping
of the diverse adsorption sites into different binding sites which allow for a comparatively better
description of adsorption. The types of binding sites are seen in the differences between the two-
surface Langmuir equilibrium constant values (K;; and K;,), where K;; tends to infinity, therefore
indicating effectively irreversible adsorption, while the values for K;, were all less than
1.0 x 1072 L.mg"! — indicating significantly reversible adsorption. The irreversibility in adsorption is
seen in the sudden drop in the Q, values as C, tends to 0 (Figure 5), therefore validating the two

surface Langmuir isotherm model for adsorption.
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Table 5. Adsorption data of Pb(II) onto raw and ZnCl: activated WAS fit to isotherm models.

Langmuir Freundlich
Adsorbent Qmmax K, R? Kr a R?
(L. mg™) (mg/g)/(mg/L)*
Raw WAS 307 0.00535 0.906 19.8 2.61 0.910
ZnCl; activated WAS 274 0.00554 0.778 39.7 3.89 0.851
Two-surface Langmuir
Adsorbent Qumax, 1 K4 Qumax, 2 K, R?
(mg.L") (L. mg™") (mg.L") (L. mg™)
Raw WAS 331 1.80x10'? 32.1 0.00348 0.919
ZnClz activated WAS 348 5.04x10" 66.9 0.00171 0.869
ZnCl, activated WAS Raw WAS
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Figure 6: Temperature independent adsorption isotherms for ZnCl: activated and raw WAS. The
error bars represent the standard deviations of the sextuplicate equilibrium experiments.

3.3.2. Adsorption mechanism

Adsorption onto biomass has been attributed to a combination of multiple mechanisms [17,81,82].
Figure 7 suggests dual mechanisms of cation exchange and electrostatic attraction [83]. This is seen
with cations that were released into solution as Pb was adsorbed (ion exchange). Above certain Pb(II)
adsorption amounts, however, there is no observable influence of Pb(II) adsorption on cation concen-
tration in solution (electrostatic attraction). Piecewise linear functions have been fit in Figure 7 to

assist in distinguishing the mechanisms.
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For both WAS adsorbents, control runs (C, = 0) resulted in increases in equilibrium pH from the
initial pH of 4. This indicates the adsorption of hydrogen ions onto binding sites. Figure 7Error!
Reference source not found.a) illustrates the effect of lead adsorption on equilibrium pH for both
WAS adsorbents. The decrease in proton adsorption (and eventual proton release) with increased
Pb(1I) adsorption demonstrates binding site competition between the H" and Pb*" ions. ZnCl» acti-
vated WAS demonstrated a greater affinity for proton adsorption than raw WAS, possibly contrib-
uting to the slightly lower Pb(Il) adsorption capacity. The release of Ca(Il) and Zn(II) into solution
following Pb(II) adsorption is shown in Figure 7b) and Figure 7¢) respectively, with both ions in-
creasing in equilibrium concentration following increases in Pb(II) adsorption. These results are char-
acteristic of a cation exchange mechanism [84]. Lower Ca(II) concentrations in ZnClz activated WAS
adsorption effluent is supported by the loss of surface calcium observed in XPS analysis (Figure 5a)).
The removal of calcium likely happened as an exchange between Zn(II) and Ca(II) during chemical
activation, as zinc selectivity over calcium is reported in several ion exchange materials [85—88]. The
greater selectivity of Pb(Il) or Zn(II) over protons arises from higher ion charge [84,89,90]. The se-
lectivity sequence among divalent cations Pb(II) > Zn(II) arises from smaller hydration radii being
favored for binding [84,89-91], with a radius of 0.405 and 0.430 nm for Pb(II) and Zn(IT) respectively
[92].

Stoichiometrically an ion-exchange mechanism can be represented by equation 16 [84]
a a
M (XP~)a + —=NY* > —=NY*(XP~)a + M** 15
B Y 14 2

With o,  and y the respective valence absolute values of M, X, and N respectively.
In the specific case at hand the ion exchange mechanism yields increasing amounts of H*, Zn?>* and
Ca?" ions to the solution dependent on the prevalence in the adsorbent and the amount of Pb adsorbed.
Figure 7 clearly show that the greater the amount of Pb?" adsorbed, the greater the amount of Zn?",
Ca?" released to the solution. Additionally, competition between H" and Pb?* result in a net increase

in H" ions in solution, consequently validating the proposed ion exchange mechanism. Furthermore,
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the absence of significant shifts in the N1s and Ols binding energies observed in the XPS results
(Figure 5) indicates the prevalence of pure electrostatic ion exchange [78].
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Figure 7: Difference in solution cation concentrations between lead-free control and lead-loaded
solution, with a) H*, b) Ca?", and c¢) Zn?* released vs. the Pb*" adsorbed. Error bars show standard

€ITor.

According to Kumar and Jain [84], ion exchange rates are dominated by diffusional limitations,
therefore validating the observation that severe mass transfer limitations were present in the system

for both adsorbent types.

3.3.3. Effect of pH

In comparison to a pH of 4, using an initial pH of 2 caused the equilibrium adsorption capacity of
ZnClz activated WAS as well as the raw WAS dropped to effectively negligible levels (See supple-
mentary figure S3). This significant reduction in adsorption capacity with lower pH demonstrates
competition between H™ and Pb(II) ions and supports the proposed mechanism of cationic ion ex-
change. For pH values much greater than 4 significant Pb hydrolysis occurs with the accompanying
precipitation of insoluble Pb-hydroxyl complexes [48]. For a pH increase from 4 of 5, a statistically
insignificant difference in Pb(II) removal was observed for the raw WAS (p = 0.482) and ZnCl: ac-

tivated WAS (p = 0.641), respectively (Figure S3).
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Figure 8 shows how both adsorbents have negative zeta potentials above a pH 4, resulting in en-
hanced adsorption due to the positive charge of the adsorbate [93]. The pH at points of zero charge
(pHrzc) were determined as 2.58 and 2.30 for ZnClz activated WAS and raw WAS respectively, and
are similar to values reported for secondary sludge and organic materials [94,95]. The higher zeta
potential measurements and pHpzc for ZnCl2 activated WAS is likely due to the reduction of available

negatively charged functional groups, resulting in a reduction of the negative surface charge [82].

a) b)
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Figure 8: Effect of pH on the zeta potential of a) ZnClz activated WAS and b) raw WAS. Error bars

show standard error.

3.3.4. Regeneration

Adsorbent regenerated using HNO3 showed circa 32 % and 38 % drop in adsorption capacity with
effectively complete recovery of Pb(II) for raw and ZnClz activated WAS, respectively.

Results from regeneration with Ca(NO3)2 are illustrated in Figure 9. Figure 9a) shows a 44 % loss
in adsorption capacity after the first adsorption cycle for raw WAS, subsequently the adsorption ca-
pacity was maintained through to the fourth cycle. Interestingly, the second ZnCl» activated WAS
adsorption cycle showed a slight increase in adsorption capacity (8.01 %) from the first cycle. This
was likely due to Ca-Zn ion exchange ( Figure 9c¢) in the first desorption cycle that allowed for greater

Pb-Ca ion exchange in the second adsorption cycle. The fourth cycle saw the adsorption capacity of
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ZnCl activated WAS as 24.5 % less than the first cycle. Nearly constant specific desorption capaci-
ties of Pb(Il) from both adsorbents (approximately 0.2 mmol/g WAS) across all four cycles were
observed — consistent with observations by Lalmi et al. [53] who observed nearly constant exchange
of Pb(Il) by Ca(Il) (from Ca(NO3)) for eight consecutive elution cycles. Figure 9c) and Figure 9d)
illustrate the diminished role of Zn(Il) ion exchange as a Pb(II) removal mechanism as Zn(Il) was
removed with each cycle.

Proton adsorption appeared to decrease with each cycle, possibly due the exhaustion of binding
sites. By the fourth adsorption cycle, proton adsorption was low enough for the protons released dur-
ing lead-hydrogen ion exchange to decrease solution pH [47].

The ratio of Ca(II) desorption over Pb(Il) adsorption indicated a significant increase in the role of
Ca-Pb ion exchange during Pb(II) removal. The first adsorption cycle saw a ratio of 0.332 for raw
WAS and 0.156 for ZnClz activated WAS. By the fourth adsorption cycle, the ratios were 1.01 for
raw WAS and 0.727 for ZnCl» activated WAS. The large amount of Ca(II) released during the second
adsorption cycle was significantly greater than the Pb(Il) removed, and it is likely from superficially

bonded calcium in addition to calcium released from ion exchange.
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3.3.5. Application of adsorbents to authentic industrial effluent

Table 6: Composition of industrial effluent

Ion mg/L
Pb** 6.31

NO» 0.044
Br 0.064
SO4* 0.677
Li* 0.015
Na*® 38.69
NH4" 0.015
K* 0.029
Ca?* 0.118

The concentration of various ions in solution for untreated battery recycling plant effluent is given
in Table 6. The industrial effluent Pb(II) removal efficiency by the two different adsorbent concen-
trations (0.5 g/L and 1.0 g/L) are shown in Figure 10 and indicates that both adsorbents are capable
of significant removal of Pb(II) from industrial effluent. The relatively lower adsorption of Pb(II) by
the raw WAS as compared to the ZnCl activated WAS was potentially a result of competition from
other ions in solution (see Table 6).

To assess the comparison of the results shown in Figure 10 with the results obtained from simulated
Pb(IT) solutions, the industrial effluent Pb(Il) adsorption results were compare to Pb(II) removal pre-
dicted using parameters fit to the Langmuir isotherm model (Equation 12 and Table 5). This compar-
ison is shown in Figure 11; Equation 12 under-predicted the ZnClz activated WAS results while over-
predicting the raw WAS. However, considering the significant variation in equilibrium Pb(II) adsorp-
tion results (Figure 6) as a result of the heterogeneity of the adsorbents, the model predictions in this
case fall well within the prediction range for the model demonstrating that Pb(Il) adsorption from the
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industrial effluent compares well to simulated Pb(II) solutions for both adsorbents. In addition, this
means that the adsorbents performed as expected for the industrial effluent and consequently no con-
vincing conclusions around the mechanism for the apparent reduction in adsorption for the raw WAS

as compared to the ZnCl2 activated WAS can be drawn.
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Figure 10: Percentage Pb(II) removal of WAS suspended in industrial effluent. Error bars represent

the standard error of the measurements.
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Figure 11: Parity plot showing experimental vs predicted WAS adsorption in capacity for industrial
effluent. The £50% error lines represent a 50% deviation from the predicted Qe value. The error bars

represent the standard errors of the measurements.
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3.3.6. Comparison of adsorption capacity with previous studies

The maximum adsorption capacities of several sludge-based adsorbents are presented in Table 7

for comparison. It is evident that raw WAS has a comparatively high adsorption capacity without

additional chemical or pyrolitic activation processes. This characteristic, coupled with the relative

abundance of WAS and low cost of material preparation, make it a favorable material for the removal

of Pb(Il) from industrial wastewater.

Table 7. Langmuir adsorption capacity for Pb(Il) on sewage sludge-based adsorbents from previous

studies.

Adsorbent description Qmax (mg/g) Reference

Raw WAS 307 This study

Municipal sludge-derived biochar 289 Wang, Guo, et al. [21]

ZnCl; activated WAS 274 This study

ZnCl activated magnetic sewage sludge bi- 249 Ifthikar, Wang, et al. [27]

ochar

Electromagnetic pyrolized biochar 198 Xue, Wang, et al. [22]

Raw WAS 143 Hammaini, Gonzdlez, et al.
[20]

Amino-functionalized magnetic aerobic 127 Huang et al. [28]

granular sludge- biochar

Magnetic sewage sludge biochar 99.9 Ifthikar, Wang, et al. [27]

Pyrolusite-modified sewage sludge carbon  69.9 Fan, Chen, et al. [29]

Pyrolusite loaded sewage sludge-based ac- 66.1 Xie, Jiang, et al. [30]

tivated carbon

ZnCl: activated, pyrolyzed sewage sludge  64.1 Rozada, Otero, et al. [24]

KOH activated sludge-based biochar 57.5 Zhang, Shao, et al. [26]

Sludge derived biochar 50.0 Li, Yao, et al. [96]

Humic acid-enhanced sludge derived bio- 48.3 Zhou, Wang, et al. [23]

char

Potassium acetate activated sludge-based 47.6 Zhang, Shao, et al. [26]

biochar
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Iron oxide modified sewage sludge 424 Phuengprasop, Sittiwong, et

al. [31]
Sludge derived biochar 40.8 Zhou, Wang, et al. [23]
Pyrolyzed sewage sludge 40.3 Rozada, Otero, et al. [24]
CO:z activated sludge-based biochar 22.4 Zhang, Shao, et al. [26]
Sludge derived biochar 18.2 Zhang, Mao, et al., [25]

4. CONCLUSIONS

Raw waste activated sludge was found to be a fast and highly effective Pb(Il) adsorbent, with a
Langmuir adsorption capacity of 307 mg/g, BET surface area of 0.97 m?/g, and pHpzc of 2.30 meas-
ured. A significant effect of pH was observed with nearly negligible adsorption at pH 2 and an insig-
nificant increase in adsorption at pH > 4; adsorption was unaffected by temperatures between 25-45
°C. The use of the chemical activation reagents ZnCl>, HCIl and H2SO4 showed no clear advantages
in adsorption capacity or kinetics. The Pb(II) adsorption process in raw and ZnCl» activated WAS
was dominated by IMT. Adsorption occurs as cationic exchange between H*, Zn?*, Ca?>* and Pb** at
low lead adsorption, followed by electrostatic attraction as more lead is adsorbed. Ca(NO3)2 and
HNOs were both demonstrated as effective eluents. Both the raw WAS and ZnCl. activated WAS
showed significant Pb(II) removal from authentic Pb(Il) containing industrial effluent, with the re-
moval capacities comparing well with simulated Pb(II) model predictions. Both comparisons with
modified and unmodified sludges from literature highlight raw WAS as an attractive Pb(II) adsorbent

that does not require intensive processing.
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