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Abstract: Municipal wastewater management causes metal exposure to humans and the environment.
Targeted metal removal is suggested to reduce metal loads during sludge reuse and release of effluent
to receiving waters. Biochar is considered a low-cost sorbent with high sorption capacity for heavy
metals. In this study, heavy metal sorption to sludge-derived biochar (SDBC) was investigated
through batch experiments and modeling and compared to that of wood-derived biochar (WDBC)
and activated carbon (AC). The aim was to investigate the sorption efficiency at metal concentrations
comparable to those in municipal wastewater (<1 mg/L), for which experimental data are lacking
and isotherm models have not been verified in previous works. Pb2+ removal of up to 83% was
demonstrated at concentrations comparable to those in municipal wastewater, at pH 2. SDBC showed
superior Pb2+ sorption capacity (maximum ~2 mg/g at pH 2) compared to WDBC and AC (<0 and
(3.5 ± 0.4) × 10−3 mg/g, respectively); however, at the lowest concentration investigated (0.005 mg/L),
SDBC released Pb2+. The potential risk of release of other heavy metals (i.e., Ni, Cd, Cu, and Zn)
needs to be further examined. The sorption capacity of SDBC over a metal concentration span
of 0.005–150 mg Pb2+/L could be predicted with the Redlich–Peterson model. It was shown that
experimental data at concentrations comparable to those in municipal wastewater are necessary to
accurately model and predict the sorption capacity of SDBC at these concentrations.

Keywords: isotherm models; municipal wastewater; sewage treatment; adsorbent; biosorbent;
heavy metals

1. Introduction

Current municipal wastewater management causes exposure of humans and the environment to
heavy metals. Municipal wastewater treatment does not specifically target heavy metals [1]; instead,
the heavy metals entering municipal wastewater treatment plants (WWTPs) partly associate with
sludge and may enter agricultural land through sludge reuse, while the remainder is released to
receiving waters. In the EU, roughly 40% of sludge is reused; plant nutrients and organic matter from
wastewater can thus be utilized, benefitting circularity. However, accumulation of heavy metals in soil
and uptake in crops are potential risks, as the metals might enter the food chain [2]. An additional
concern is that heavy metals that enter receiving waters through the release of wastewater effluent may
cause harm to aquatic organisms [3]. Therefore, regulations for limiting the heavy metal release into
water and the heavy metal load from sludge into agriculture are necessary. EU directives provide limit
values for Pb, Ni, Cd, Cu, Zn, and Hg when sludge is used in agriculture [4]. With respect to heavy
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metal release into receiving waters, environmental quality standards exist for Pb, Ni, Cd, and Hg [5].
The possible control measures to limit heavy metal exposure to humans and the environment from
wastewater include source control (e.g., banning the use of certain products in households or restricting
their release from industries), limiting sewer overflows, and designated wastewater treatment [6].
The typical concentrations of heavy metals in influent municipal wastewater in relation to the limit
values and environmental quality standards are summarized in Table 1. Based on the ratios calculated
in Table 1, it is relevant to consider the introduction of a treatment step that targets the removal of
heavy metals and has the potential to reduce heavy metal loads released into both agriculture and
receiving waters.

Table 1. Typical influent heavy metal concentrations in influent municipal wastewater compared to the
limit values for sludge reuse and environmental quality standards (EQS) for recipients.

Metal
Typical Influent

Concentrations (µg/L)
(Number of Plants)

EQS
Ratio of Maximum Influent
Concentration to Allowable
Concentration in Recipients

Limiting
Values a

(mg/kg d.w.)

Ratio of Maximum Theoretical
Concentration b to Allowable

Concentration in Sludge

As 2.7–12 (15) - - 20–150 c 2.4
Cd 0.4–75 (18) 0.08–0.25 937.5 2–10 150.8
Cr 8–100 (17) - - 70–1000 5.7
Cu 10–100 (18) - - 70–1000 5.7
Pb 2–100 (18) 1.2–1.3 83.3 45–900 8.9
Hg 0.7–3.6 (6) 0.07 d 51.4 2–10 7.2
Ni 3–100 (17) 4–8.6 25.0 25–200 16.1
Zn 100–1600 (17) - - 200–3000 32.2

Reference [7] [5] [7]
a These apply in countries that have set more strict regulations compared to the central regulation within the EU, e.g.,
Austria, Belgium, Finland, and France (d.w., dry weight). b The maximum theoretical concentration was calculated
by dividing the maximum influent concentrations encountered (µg/L) by the typical sludge production during
municipal wastewater treatment (~0.25 kg TS/m3, [8]). c Limit values for As only apply in Austria (20 mg/kg d.w.)
and Belgium (150 mg/kg d.w.). d The value for Hg is the maximum allowable concentration, while the other EQS
values given are annual average values.

Efficient treatment methods for heavy metal removal include chemical precipitation, ion exchange,
membrane filtration, electrochemical treatment technologies, coagulation–flocculation, and sorption.
Using organic byproducts for the sorption of heavy metals is considered a potential low-cost method
compared to methods such as ion exchange and membrane filtration. Sorption processes also have the
advantage that no heavy metal laden sludge is generated compared to chemical precipitation, which is
the most widely used method for heavy metal separation from industrial wastewaters [9,10]. Biochars
produced through the pyrolysis of organic byproducts have been shown to have high heavy metal
sorption capacities, up to more than 100 mg/g [11]. Pyrolysis is generally considered to increase the
sorption capacity of organic matter by creating a porous structure and an increased surface area [12].

Herein, we consider the novel concept of using sludge-derived biochar (SDBC) for the sorption of
heavy metals from municipal wastewater. Under this concept, an internal resource of treatment plants
could be utilized. Separation of heavy metals early in the treatment process (during or directly following
primary treatment) will reduce the heavy metal concentrations in the treated effluent and, at the same
time, the sludge generated in later treatment steps would have lower heavy metal concentrations and
would become more attractive for use in agriculture. Based on a review by Smith et al. [13], SDBC could
have a comparable or higher heavy metal sorption capacity compared to commercial activated carbon
(AC) sorbents. SDBC sorption is therefore a promising method for targeted heavy metal removal.

Previous research has shown that the sorption capacity of SDBC may be optimized based on the
temperature and time of pyrolysis [14,15]. The sorption capacity varies around four-fold according
to previous studies, where the temperature range is 500–900/300–600 ◦C and the time of pyrolysis
is 20 min/1–2 h. The optimum sorption capacities have been found to be 20 mg Cd/g, 18 mg Pb/g,
and 30 mg Cr/g. The optimization of SDBC heavy metal sorption capacity by activation and modification
has also been performed [16,17]. Both activation and modification showed large potential for increasing
heavy metal sorption capacity (e.g., KMnO4 modification of biochar derived from pine wood increased
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Pb2+ removal capacity by a factor of 20—from 2.35 to 47.05 mg/g). However, modification is associated
with increased cost (i.e., material and energy input) [17]. The increased cost needs to be balanced
against the gain in sorption performance; however, the available literature does not generally include
the cost aspect, and the appropriate option for optimizing heavy metal sorption is therefore difficult
to identify.

The main challenge of this novel concept is to predict the sorption behavior of SDBC at heavy
metal concentrations comparable to those in municipal wastewater. This type of wastewater is typically
dilute in comparison to industrial wastewaters. Investigations of heavy metal removal through
different removal techniques at concentrations comparable to those in municipal wastewater are
scarce compared to the numerous studies for higher heavy metal concentrations [3]. A large number
of studies have examined the optimization of SDBC’s sorption capacity through the adaptation of
pyrolysis conditions (temperature and time) and activation (before, during, or after pyrolysis) [13].
However, similar to the studies on heavy metal removal in general, the examination of heavy metal
removal capacities at heavy metal (sorbate) concentrations below 1 mg/L are lacking. It is common
to use isotherm models to describe how the sorption capacity varies at different equilibrium sorbate
concentrations; however, model predictions are generally not verified in the range below 1 mg/L.
Based on the literature data with respect to sorption isotherm parameters, the equilibrium sorption
capacity will be far below the maximum sorption capacity of the sorbent if high removal (%) is to
be obtained. Predictions based on the existing literature are therefore highly uncertain (as further
explained in Supplementary Materials Figures S1 and S2), and it is relevant to assess the accuracy of
sorption isotherms when considering a wider concentration span.

The aim of the present work was to evaluate SDBC as a potential sorbent of heavy metals during
municipal wastewater treatment, specifically considering low heavy metal concentrations. Sorption
efficiency was evaluated by batch sorption experiments. A further objective of the batch experiments
was to determine the variation in sorption capacity under varying conditions, namely, sorbent dose,
sorbent size interval, contact time, and pH. The surface area and porosity of the sorbents were analyzed
to elucidate the importance of the physical characteristics of the sorbent.

2. Material and Methods

2.1. Sorbents

Specifications of the feedstock, origin, and production of the sorbents used in this study are
provided in Table 2. The focus of this study was to investigate the sorption potential of SDBC,
and wood-derived biochar (WDBC) and AC were used as reference materials for comparison.
The sorbents were ground using a mortar and pestle, and subsequently sieved to different size
intervals using sieves with sieve opening of 0.125, 1.00, and 2.00 mm (the sorbent size before grinding
was up to ~4 mm (SDBC), from ~5 cm up to several centimeters (WDBC), or 0.4–1.7 mm (AC, based on
information given by the manufacturer). The sorbents were not washed after grinding.

Table 2. Description of the sorbents: Sludge-derived biochar (SDBC), wood-derived biochar (WDBC),
and activated carbon (AC).

Sorbent Feedstock Origin Pyrolysis
Temperature

Duration of
Pyrolysis

Continuous/Batch
Pyrolysis

Other
Treatment

SDBC Municipal
sewage sludge Linz WWTP, Linz, Germany a 550–600 ◦C 16–30 min b Continuous -

WDBC Wood c Vindelkol AB, Vindeln, Sweden ~500 ◦C 8–14 h d 4 m3 batches -

AC e Coal Cabot Norit Nederland BV,
Amersfoort, The Netherlands Information not available Steam-activated

a They use a pyrolysis plant from the company PYREG GmbH (Dörth, Germany) (WWTP, municipal wastewater
treatment plant.). The ash content of sludge used for the production of SDBC was 50% of dry matter (DM) and the
phosphorus content was approximately 10% of DM (D. Stirba, personal communication, 12 July 2017) b Depending
on the moisture content of the substrate. c Substrates vary from time to time and could include pine, birch, alder
tree, and/or aspen (P. Almersson, personal communication, 2 May 2017). d Depending on the size of wood logs and
their energy density (P. Almersson, personal communication, 2 May 2017). e Product name: NORIT GAC 1240.
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The specific surface areas, pore sizes, and pore volumes of SDBC, WDBC, and AC were
analyzed prior to the sorption experiments (sorbents <0.125 mm, three replicates; SDBC 1–2 mm,
one replicate). SDBC samples collected after the kinetic experiment were also analyzed (three replicates).
These properties were determined as follows:

• Prior to characterization, the sorbents were degassed at 140 ◦C at 0.67 Pa until the pressure
stabilized at a low level.

• The sorption–desorption of N2 was measured at a temperature of −196 ◦C using a Micromeritics
ASAP 2020 instrument (Norcross, GA, USA).

• The Brunauer–Emmett–Teller (BET) algorithm [18], was applied to deduce the specific surface
area (for the relative pressure (p/p0) range of 0.05–0.18; the upper range was chosen based on the
highest p/p0 ratio to provide a positive C-value, and a correlation coefficient of 0.999 was achieved
for the transformation plot), pore volume and mean pore diameter (calculated from the adsorption
isotherm at a relative pressure ratio of 0.985).

• The differential function theory (DFT) algorithm [19] was applied to calculate the fraction of the
micro-, meso-, and macropores (assuming that the pores were slit-formed).

Metal concentrations in the sorbents (analyzed by ALS Scandinavia AB, Luleå, Sweden,
one replicate per sorbent) were analyzed by ICP-SFMS (Inductively coupled plasma sector field
mass spectrometry) according to International Organization of Standardization (ISO) 17294-2:2016 [20]
and the Environmental Protection Agency (EPA) method 200.8:1994 [21], after digestion according to
EN 13656:2003 [22].

Proximate analysis (moisture content and volatile matter; one replicate per sorbent) was conducted
according to SS 028113-1 [23]. For sorbent pH analysis, sorbent and deionized water were mixed at
a ratio of 1:10 and pH measurements were performed after 20 min (using a Metrohm 744 pH-meter,
Metrohm Nordic AB, Bromma, Sweden). Elemental analysis (two replicates per sorbent) was performed
in a Thermo Fisher FlashSmart CHNS/O instrument (Waltham, MA, USA).

2.2. Sorption Experiments

2.2.1. Experimental Conditions

Table 3 summarizes the experimental conditions during the sorption experiments. The experiments
were performed using aqueous metal solutions. The choice of heavy metals to include in the experiments
was based on the relevant legislation and standards (as given in Table 1). Pb2+ was chosen as the
main heavy metal to study in the experiments because its sorption to SDBC has been frequently
examined in the literature (e.g., by Ho et al. [24]; Lu et al. [25]; Zhang et al. [15,26]) (at initial metal
concentrations >1 mg/L). Furthermore, our preliminary data indicated that SDBC may efficiently
reduce the concentration of Pb2+ in municipal wastewater (see Supplementary Materials Figure S3).
For preliminary evaluation of the Ni2+, Cd2+, Cr3+, Cu2+, and Zn2+ removal capacity of SDBC,
experiments and modeling were performed under different pH levels. As (arsenic) was excluded from
the scope because it is regulated in few countries. Hg was excluded from the scope due to the possible
volatilization that may occur, which would complicate the prediction of its removal during municipal
wastewater treatment [7].
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Table 3. Specification of experimental conditions for the different parameters that were evaluated:
Isotherms, dose, size interval, kinetics, and pH. The metal salts, acid, and base used for preparation of
samples were of analytical grade.

Parameter
Evaluated

Procedure
(Batch a/Bulk

b Sample)

Sample
Volume

(mL)

Initial Metal
Conc., C0

(mg/L)

Sorbent
Dose
(g/L)

Particle Size
(mm)

Contact
Time Metal Initial

pH c
Number of
Replicates d

Sorption
isotherm Batch 50 0.005–150 e 5 <0.125 24 h Pb2+ 2 3

Sorbent dose Batch 250 5 0.1–10.0 <0.125 24 h Pb2+ 2 3
Sorbent size
interval Batch 50 5 5 <0.125 and

1.00–2.00 24 h Pb2+ 2 3

Sorption
kinetics Bulk 1000 5 5 <0.125 1 min to 72 h Pb2+ 2 3

pH Batch 50 5 5 <0.125 24 h Pb2+,
Ni2+ 2/4/8 3

Cd2+,
Cr3+,
Cu2+,
Zn2+

2/4/6 2

a Batch samples were shaken at 180 rpm using a reciprocating shaker. b Bulk samples were continuously stirred
using a magnetic stirrer, and samples for analysis were retrieved with a pipette after a designated number of
minutes/hours. c Initial pH of the aqueous metal solution before the addition of sorbent. d Blank metal solutions of
known concentrations (with no sorbent added) were prepared in duplicate. e Up to 125 mg/L for WDBC and AC;
while the maximum initial Pb2+ concentration for SDBC experiment was 150 mg/L (to increase the amount of data
with respect to the determination of the sorption isotherm).

All sorption experiments were performed at room temperature. To avoid the precipitation of
lead hydroxides, the solutions were acidified to an initial pH of 2 (except in the pH experiments)
(preparatory experiments at initial pH levels of 2, 4, 6, and 8 indicated that sorbent addition, irrespective
of sorbent, induced a pH increase, leading to a final pH above or close to the pH from which lead
hydroxide precipitation may occur at Pb2+ concentration 5 mg/L). In the dose, size interval, kinetics,
and pH experiments, an initial metal concentration of 5 mg/L was chosen, because this concentration is
in the middle of the range used for the isotherm experiments. This concentration is somewhat higher
than that commonly found in municipal wastewater. The expected behavior of heavy metals at a lower
initial sorbate concentration is that:

• The sorption capacity (mg/g) will decrease and a similar dose will be required to reach the same
removal (%) (Supplementary Materials Figure S1).

• The sorbent size interval is expected to have a similar importance irrespective of initial sorbate
concentration, i.e., that the sorption capacity increases as the particle size decreases (unless the
dose is so large that the removal is close to 100%, in which case, the size interval may not have
any impact).

• The kinetics will, based on modeling by Al-Jabari [27], likely be quicker when the initial
concentration is lower.

• The pH from which heavy metals start to precipitate will be higher.

In the isotherm experiment, the sorption capacity of SDBC under varying sorbate concentrations
was compared to that of WDBC and AC, to reveal if these sorbents all have a similar evolution of
sorption capacity as the sorbate concentration decreases.

The risk of release of heavy metals from SDBC, WDBC, and AC was assessed in association with
the pH experiments but using ultrapure water instead of aqueous metal solution.

2.2.2. Experimental Procedures

Aqueous metal solutions containing single metals were prepared from the following metal
salts: Lead nitrate (Pb(NO3)2), nickel sulphate (NiSO4•6H2O), copper nitrate (Cu(NO3)2•3H2O),
zinc chloride (ZuCl2), cadmium nitrate (Cd(NO3)2•4H2O), and chromium nitrate (Cr(NO3)3•9H2O)
(the respective metal salts were purchased from: Fisher Scientific GTF, Göteborg, Sweden (Pb and Ni);
KEBO lab, Stockholm, Sweden (Cu, Zn and Cr) and Avantor, Radnor, PA, USA (Cd)). Stock metal
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solutions at a concentration of 1000 mg/L were prepared by addition of metal salts to “type 1” ultrapure
water, according to ISO 3696:1987 [28]. The ultrapure water was produced in a Merck Milli-Q Compact
System (Merck KGaA, Darmstadt, Germany) (fed with deionized water). Stock metal solutions were
later diluted with ultrapure water to obtain the experimental concentrations.

The sorbents were dried for ~12 h at 105 ◦C prior to the experiments and stored in a desiccator
to preserve low humidity. Prior to the addition of sorbent, the pH of the metal/blank solution was
adjusted by the addition of acid (HNO3) or base (NaOH) until the desired pH or maximum 0.09 units
above the desired pH was reached.

The following blank samples were prepared: Sorbent and ultrapure water, to examine the possible
release of metals from the sorbents; ultrapure water only, to evaluate the possible metal contamination
during sample handling; metal solution only, to determine the initial concentration of the solutions.

To separate sorbent from the solution, samples were centrifuged (5000 rpm, 15 min) and filtered
through a 0.45 µm membrane filter. HNO3 (1 mol/L) (Scharlab, Barcelona, Spain) was added for sample
preservation (0.50 mL/100 mL). Samples were later digested, and metals were analyzed by ICP-MS
(Inductively coupled plasma - mass spectrometry) and ICP-OES (- optical emission spectrometry),
according to ISO 17294-2:2016 [20] and ISO 11885:2007 [29] (analysis performed by SYNLAB Analytics
& Services Sweden AB, Linköping, Sweden). The instruments used were a PerkinElmer NexION350D
and a PerkinElmer 7300 (Waltham, MA, USA), respectively.

2.2.3. Calculation of Sorption and Removal Efficiency

The sorption of metals per mass unit of sorbent, q (mg/g), and the removal efficiency, ∆C (%),
were calculated as follows:

q =
mMe

m
+ qi, (1)

∆C =
(C0 −C)

C0
× 100, (2)

where mMe = (C0−C)×V (mg) is the total amount of metals sorbed, C0 (mg/L) is the initial concentration
of metals, C (mg/L) is the final concentration in the liquid sample after separation of the sorbent, V (L)
is the volume of the sample, m (g) is the mass of sorbent, and qi (mg/g) represents the initial amount
of sorbed metal per mass unit of sorbent. The final amount of sorbed metal per mass unit and the
final concentration of the metal solution are denoted by qe and Ce, respectively, if the experiment is
continued until equilibrium has been established in the solution, or as qt and Ct if the experiment is
ended before equilibrium has been established.

The parameter qi is generally not considered in sorption experiments, since this is small compared
to the equilibrium sorption that is usually considered. In the present work, qi was introduced to
avoid q (generally calculated as mMe/m) taking a negative value. Calculation of qi was based on two
assumptions:

a) With no metals in the solution at equilibrium, no metal is sorbed (q is 0 when C is 0, in agreement
with the Langmuir and Redlich-Peterson isotherms, see Section 2.2.2);

b) q increases linearly in relation to C at low sorbate concentration [30]. (There is no exact definition
of what is considered a low sorbate concentration. It is relative to the sorption capacity of the
sorbent. To find the rate of linear increase of q, mMe/m was plotted in relation to C. Linear behavior
was assumed to be valid up to a certain concentration, CX. The coefficient of determination, R2,
is given to indicate the linear correlation of mMe/m and C in this concentration range.)

The standard deviations of qe and ∆C were calculated according to standard procedures.
The variations of sorbent mass (m) and sample volume (V) were small (sorbent mass varied
±0.3% for a dose ≥1 g/L and ±6% for a dose <1 g/L, while sample volume varied ±0.1%) and
was therefore disregarded when calculating the standard deviation of q. The sample volume added
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during preservation was also disregarded in the calculations (it constituted only 0.5% of the total
sample volume).

2.2.4. Modeling with Respect to Metal Hydroxide Precipitation and Sorption Isotherms

To indicate the fraction of metals that may precipitate at different pH levels, the speciation of metal
hydroxides was calculated with the chemical equilibrium software Visual MINTEQ, version 3.1 [31].

Isotherm models were applied to describe the sorption capacity (qe) as a function of the sorbate
concentration (Ce). The most commonly applied isotherm models for metal sorption to biochar and
other sorbents were applied. Based on a review of previous work, these were: Langmuir, Freundlich,
Langmuir–Freundlich (also called Sips), Temkin, Dubinin–Radushkevich, and Redlich–Peterson [30,32].
The Langmuir isotherm [33] is expressed as:

qe =
QmaxKLCe

1 + KLCe
, (3)

where Qmax (mg/g) and KL (L/mg) represent the maximum sorption capacity and the affinity between
sorbent and sorbate, respectively. The model was developed based on the theoretical assumption
that all sorption sites are similar and that each site has the capacity to bind one sorbate molecule/ion.
The Freundlich isotherm [34] is expressed as:

qe = KFCn
e , (4)

where KF (L/mg) represents the strength of adsorption, and a higher KF indicates higher sorption
capacity. The term n (dimensionless) indicates the driving force for the sorption or heterogeneity of the
sorption sites, and generally has a value below 1. The Freundlich isotherm does not have a maximum
value, i.e., does not consider saturation of the sorbent [30]. It was originally proposed as an empirical
equation, but later shown to have thermodynamic justification [35]. The Langmuir–Freundlich
isotherm [36] is expressed as:

qe =
QLFALFCnLF

e
1 + ALFCenLF

, (5)

where QLF (mg/g) takes a higher value for sorbents with high sorption capacity, while nLF (dimensionless)
and ALF (L/mg) are related to the constants of the Freundlich model. Sips [36] suggested the model as a
modification of the Freundlich model to predict saturation of surface sites at high sorbate concentrations.
Langmuir–Freundlich reduces to the Langmuir equation when nLF is equal to 1 and to the Freundlich
equation when (ALFCe)

nLF << 1 [11]. The Temkin isotherm [37] is expressed as:

qe =
RT
b

ln(KTCe), (6)

where b (kJ/mol) is associated with sorption energy, KT (L/g) corresponds to the maximum binding
energy, R (kJ/mol, K) is the gas constant, and T (K) is the temperature in Kelvin. The underlying
theoretical assumption is that the heat of adsorption (the energy released when a given amount of
sorbent is adsorbed) is linearly dependent on the degree of surface coverage [37]. The Redlich–Peterson
isotherm [37] is expressed as:

qe =
KRPCe

1 + aRPCg
e

, (7)

where KRP (L/g), aRP (mg/L), and g (dimensionless) are empirical constants [38]. The value of g should
be between 0 and 1. If Ce is small, the isotherm will become linear (qe = KRPCe) and when Ce is large,
it becomes similar to a Freundlich-type model (qe = (KRP/aRP)C

1−g
e ) [38].

The fitting of the Dubinin–Radushkevich isotherm [30] to the experimental data was also tested,
but resulted in a large deviation from the experimental data at concentrations below 0.1 mg/L (results
not shown).
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The isotherm model parameters were determined by fitnlm, a command in MATLAB (version
R2016b) that applies an iterative least squares algorithm that minimizes the sum of the squared
differences between the model and the measured value. To adapt the model fit based on the
accurateness of the experimental data, a weight (the reciprocal of the squared standard deviation) was
used. Next, the model fit was evaluated based on the coefficient of determination, R2.

3. Results and Discussion

3.1. Sorbent Characteristics

The sorbent characterization results are given in Table 4. SDBC had the smallest surface area of
the three sorbents, and it was similar to that found by Zhang et al. [15] for SDBC produced by pyrolysis
at 400–600 ◦C with a 1 h duration. The average pore size and pore volume of SDBC were in the same
order of magnitude as that of Chen et al. [14], where SDBC was produced by pyrolysis at 500–900 ◦C
with a 20 min duration.

Table 4. Properties of the following sorbents: Sludge-derived biochar (SDBC), wood-derived biochar
(WDBC), and activated carbon (AC) (triplicate samples, with the exception of granular SDBC (1–2 mm),
for which one replicate was analyzed).

Sample Surface Area
(m2/g)

Pore Volume
(cm3/g) a

Average Pore Size
(nm)

Fraction of Micro-/
Meso-/Macropores (%) b

SDBC, <0.125 mm 12.7 ± 0.7 0.032 ± 0.001 10.2 ± 0.2 10 ± 1/71 ± 1/19 ± 1
SDBC, 1–2 mm 8.88 0.027 12.2 6.6/69/25
SDBC, <0.125 mm,
after kinetic experiment 19.9 ± 1.2 0.039 ± 0.001 5.88 ± 3.22 16 ± 2/66 ± 1/18 ± 3

WDBC, <0.125 mm 75.7 ± 23.5 0.042 ± 0.011 2.23 ± 0.15 75 ± 5/25 ± 5/<1
AC, <0.125 mm 1010 ± 20 0.55 ± 0.02 2.18 ± 0.01 76 ± <1/23 ± <1/<1

a For pore widths 1.5–300 nm. b Micropores <2 nm, mesopores 2–50 nm, and macropores >50 nm.

The SDBC samples that were collected after the kinetic experiment had larger surface area and
smaller average pore size compared to fresh samples of SDBC. The fraction of micropores was also
larger. This indicates that small pores were opened up during the kinetic experiment (while the sorbent
was suspended in liquid). It has been suggested that such additional pore volume could be created as
an effect of the swelling of biochar when it is immersed in water [39].

The surface area of WDBC was larger than that of SDBC, while the pore volumes of the two
sorbents were similar (not statistically different based on a t-test, p < 0.05). The surface area was
comparable to that of other wood-derived biochars [40].

AC had the largest surface area, as well as the largest pore volume and smallest average pore
size, of the three adsorbents. This combination of characteristics is reasonable, since many small pores
provide a larger surface area. The particle size distribution (not measured here) is another characteristic
that is of importance for the surface area. A large surface area should indicate a high sorption capacity
due to the potentially larger amount of surface sorption sites. However, despite generally having a
much smaller surface area compared to commercial AC, biochars have often been shown to have a
higher affinity for metals [41].

The results from characterization of the sorbents with respect to metal concentrations, release of
metals, pH, proximate analysis and elemental analysis, are given in Table 5.

Since the focus of the present work was to investigate the variation of sorption capacity at
varying sorbate concentrations, optimization of sorption capacity (activation or modification) was
not attempted.
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Table 5. Concentrations and release of metals, moisture content (M), volatile matter content (VM), and carbon/hydrogen/nitrogen content (C/H/N) of the following
sorbents: Sludge-derived biochar (SDBC), wood-derived biochar (WDBC), and activated carbon (AC). The release of metals was investigated at a pH of 2, a sorbent
dose of 5 g/L, and a contact time of 24 h (“-” indicates that no analysis was made) (one replicate was analyzed with respect to metals in biochar, pH, moisture content,
and volatile matter content; the standard deviation is typically small [24]).

Metals in Biochar (mg/kg) pH M (%) VM (%) a C/H/N (%) a

Pb Ni Cd Cr Cu Zn Hg

SDBC 99.3 61.4 1.21 84.3 569 2170 <0.05 6.6 2.5 32 24.1 ± 0.1/0.94 ±
0.02/2.79 ± <0.01

WDBC 0.854 0.430 <0.03 0.314 16.0 37.4 <0.05 5.6 2.9 99 86.6 ± 0.1/2.98 ±
0.01/0.15 ± <0.01

AC 0.295 19.4 <0.03 19.7 25.5 2.25 <0.05 6.5 5.4 92 89.2 ± 2.0/0.47 ±
<0.01/0.49 ± 0.02

Metals released (mg/L) (and mg/kg in parenthesis)
Pb Ni Cd Cr Cu Zn

SDBC 0.0062 ± 0.0003
(1.2)

0.013 ± 0010
(2.6)

0.0027 ± 0.0001
(0.54)

0.0031 ± 0.0001
(0.62)

0.31
± 0.01 (62)

3.7 ± 0.1
(740)

WDBC 0.0051 ± 0.0021
(1.0)

0.00077 ± 0.00016
(0.15) - - - -

AC 0.00017 ± 0.00012
(0.034)

0.016 ± 0.001
(3.2) - - - -

a On a dry mass basis.
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3.2. Sorption Experiments

3.2.1. Pb2+ Sorption Isotherms: SDBC Compared to Reference Materials WDBC and AC

As seen in Figure 1a, SDBC removed Pb2+ at all concentrations except at the lowest concentration
(0.005 mg/L), where Pb2+ instead was released into the solution (the final concentration was higher than
the initial concentration). The maximum Pb2+ removal of SDBC was 83 ± 1% at an initial concentration
of 0.1 mg/L. AC removed Pb2+ at initial concentrations of 0.005–0.1 mg/L, while it did not significantly
remove or release Pb2+ at concentrations of 5 mg/L or higher. WDBC released Pb2+ when the initial
concentration was low, while at higher concentrations, it did not significantly release or remove Pb2+.Processes 2020, 8, x FOR PEER REVIEW 10 of 24 
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Figure 1. Isotherm experiment results for sludge-derived biochar (SDBC), wood-derived biochar
(WDBC), and activated carbon (AC). The experiments were performed at an initial pH of 2, a sorbent
dose of 5 g/L, a sorbent size interval of <0.125 mm, and a contact time of 24 h. (a) Removal of Pb2+ at
different initial concentrations and (b) isotherm for Pb2+ sorption.
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The lack of sorption capacity of WDBC and the non-significant sorption capacity of AC at initial
concentrations of 5 mg/L and higher was not anticipated, since previous works indicated that WDBC
and AC may efficiently sorb Pb2+. However, the results for AC are in relatively good agreement with
data according to Sajjad et al. [42]. They investigated the sorption capacity of commercial AC of the
same type as was used in our experiments. The Pb2+ removal at pH 2 according to Sajjad et al. [42]
was ~12% (read from figure) at an initial concentration in the range of 5–20 mg/L. The corresponding
Pb2+ removal in our experiments (initial pH of 2) was 5 ± 10% and 4 ± 6% (initial concentrations 5 and
25 mg/L, respectively). At an initial pH of 4 and 8, our results showed that the pH increase induced by
the addition of AC resulted in almost complete Pb2+ removal (see Supplementary Materials Figure S4).

The release of Pb2+ from WDBC used here was ~1 mg/kg (see Table 5, at a dose of 5 g/L, pH 2),
which indicates that this WDBC is not an appropriate sorbent when the initial metal concentration and
pH are very low. However, other WDBCs may be more appropriate. WDBCs have previously been
shown to sorb Pb2+. Biochar derived from poplar wood, pinewood branches, oak wood, and pine
wood showed sorption capacities of 3.6, 58, 2.6, and 4.1 mg/g, respectively (at initial pH of 4, 2, 5,
and 5) [43–45]. The cause of the inferior performance of WDBC in our experiments was not fully
identified, though the low solution pH may be one cause. The literature data with respect to Pb2+

removal capacity at solution pH 2 (pine wood/pine branch biochar) are not consistent; it was relatively
high according to Abdel-Fattah et al. [44] (58 mg/g), but only by a few percent (sorption capacity in
milligrams per gram not specified) according to Mohan et al. [45]. The pH of the sorbent may also
be of importance; the WDBC pH according to Zhao et al. [43] was 8.2, while the WDBC used here
had a pH of only 5.6 (as given in Table 5). An increased initial pH promotes sorption (and at initial
pH 8, precipitation of lead hydroxides); at an initial pH of 4 and 8, the removal of Pb2+ by WDBC
investigated here was 20% (0.19 mg/g) and 88% (0.84 mg/g), respectively (see Supplementary Materials
Figure S4). Other factors of relevance for the sorption capacity may be the surface area, the initial
Pb2+ concentration in the sorbent, or the surface acidity. WDBCs investigated by Zhao et al. [43],
Abdel-Fattah et al. [44], and Mohan et al. [45] all had smaller surface areas but higher sorption capacities
compared to the WDBC investigated here, which indicates that the surface area is not the crucial
factor. Furthermore, it does not seem possible to directly infer the release of Pb2+ based on the initial
concentration in the WDBC; the initial Pb2+ concentration in the WDBC used here (0.854 mg/kg) was
lower compared to that reported in biochar derived from hickory woodchips (26 mg/kg) and pine
needles (39 mg/kg) [46]. Wu et al. [46] detected no Pb2+ release from hickory woodchip biochar at pH
2 (24 h contact time), while the Pb2+ release from pine needle biochar at pH 2 was 8.76 mg/kg (dose
of 20 g/L), i.e., the amount of Pb2+ initially contained was not proportional to the release. Surface
acidity (reflecting the number of acidic functional groups) was identified as a key factor for Pb2+

sorption (of biochars derived from rice husk, olive pits, and wood chips) according to Campos and De
la Rosa [47]. However, the surface acidity was not investigated here.

SDBC had a higher Pb2+ removal capacity than WDBC and AC at all concentrations, except at
0.005 mg/L, where AC had the highest removal capacity (52 ± 5%). The decreasing removal capacity
of SDBC at initial concentrations lower than 0.05 mg/L was due to the initial content of Pb in the
biochar, as given in Table 5. WDBC released similar amounts of Pb as SDBC, which is unexpected since
the initial concentration of Pb in WDBC was less than one hundredth compared to SDBC. The initial
concentration of Pb in AC was similar to that in WDBC, but the release of Pb was much lower. Thus, the
strength of the sorption or binding of Pb seems to differ between these sorbents. In contrast, the relative
release of Ni from SDBC, WDBC, and AC seems to be in agreement with the initial concentrations
in the different sorbents (based on the data in Table 5). This shows that the release of metals was
not proportional to the initial metal concentration in the sorbents, but the relative amount of metals
released varied both depending on sorbent properties and between different metals. The sorbent
properties that govern metal release may be, e.g., the number and type of surface functional groups
and the amount of anion salts such as phosphates and carbonates (with which the heavy metals may
precipitate) in the sorbent (the relevance of functional groups and anion salts are further discussed
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below but were not measured here). Similar to what was found here, the amount of metals released by
SDBC in standard toxicity characteristic leaching procedure (TCLP) tests according to Ho et al. [25]
and Wu et al. [46] differed even though the initial metal concentrations in SDBC were similar.

An explanation for the higher removal capacity of SDBC could be that it likely contains more
phosphates and carbonates compared to the other sorbents, which is beneficial for the precipitation of
metal phosphates and carbonates [25]. A further contribution may be the accumulation of exchangeable
alkali metals in SDBC during sludge pyrolysis [14], which was confirmed by the low VM content
(high ash content) of SDBC compared to the other sorbents. The higher surface area of AC and WDBC
compared to SDBC evidently did not result in higher sorption capacity, in agreement with observations
in previous studies [32,41]. This suggests that surface area in itself is not a good basis for judging
the metal sorption capacity of carbonous sorbents when the sorbents have different origins or were
produced under different conditions. This also confirms that surface chemistry is of great importance
for metal sorption potential.

The initial amount of sorbed metal on SDBC (qi) was calculated to represent 1.37 × 10−2 mg/g
(a linear relationship between mMe/m and C (mMe/m = 1.81 C) was assumed to be valid up to CX = 0.015
mg/L (C0 ≤ 0.1 mg/L), R2 = 0.98). SDBC reached a maximum Pb2+ sorption capacity of approximately
2 mg/g at a final concentration of ~60 mg/L (initial concentrations of 75 mg Pb/L and above) (see
Figure 1b). The kinetic experiments later revealed that the duration of the isotherm experiment (24 h)
was not sufficient to reach equilibrium for sorption to SDBC, which implies that the real maximum
sorption capacity should be slightly higher than what was observed in the isotherm experiment.

The maximum Pb2+ sorption capacity of AC was lower compared to SDBC—only (3.5 ± 0.4)
× 10−3 mg/g—at an initial concentration of 0.1 mg/L (qi for AC was very close to zero). At higher initial
concentrations, the difference between the initial and final Pb2+ concentrations was small and the
measurement uncertainty was therefore high.

The final pH was 2.5–2.8 for SDBC, 2.1–2.2 for WDBC, and 2.2–2.3 for AC. The low pH resulted
in a lower maximum sorption capacity of Pb2+ compared to previous studies of Pb2+ sorption to
sludge-derived biochar [15,24,25]. According to Ho et al. [24], biochar derived from anaerobically
digested sludge could sorb 50 mg Pb/g at pH 5, but only approximately 3 mg/g at an initial pH of
2 (similar final pH)—the latter value is similar to our findings. Ho et al. [24] showed that the main
sorption processes at pH 5 were precipitation and ion exchange; these processes are favored by an
increased pH.

As already mentioned, the SDBC was pyrolyzed at 550–600 ◦C with a 16–30 min duration. SDBC
produced from the same feedstock but under different conditions of pyrolysis could have a different
sorption capacity. Several studies on SDBC have indicated that a high pyrolysis temperature might
result in a decreased sorption capacity, despite the increased surface area. This is attributed to the
destruction of organic functional groups, e.g., carboxyl and hydroxyl groups [24,48]. Zhang et al. [15]
found that SDBC pyrolyzed at 400 ◦C for 2 h had a higher sorption capacity for Pb2+ and Cr4+ compared
to SDBC pyrolyzed at 500 and 600 ◦C for 1 h. In contrast, Chen et al. [14] found that a pyrolysis
temperature of 800–900 ◦C provided higher removal capacity for Cd2+ compared to SDBC produced
at a lower pyrolysis temperature, even though the increased pyrolysis temperature was shown to
decrease the number of surface functional groups.

Some of the blank samples of ultrapure water were found to contain small amounts of Pb2+,
i.e., <0.3 µg/L. The concentrations of Ni2+, Cd2+, Cr3+, Cu2+, and Zn2+ were below the detection limits
though. The Pb2+ found was likely (unintentionally) added during sample preparation or filtering.
The detected Pb was estimated to contribute a maximum of 4%–10% of the final concentration in the
samples of lowest initial metal concentrations and was disregarded in the calculations.

3.2.2. Effect of Dose and Sorbent Size Interval on the Pb2+ Sorption Capacity of SDBC

The removal of Pb2+ was proportional to the dose of SDBC added at an initial metal concentration
of 5 mg/L (see Figure 2a). The sorption capacity at this sorbate concentration was approximately
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0.5 mg/g (as is also seen in Figure 1), resulting in a required dose of ~10 g/L to achieve a removal close
to 100%.
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Figure 2. Effect of sorbent dose. (a) Removal and sorption capacity of Pb2+ at various doses (m/V) of
sludge-derived biochar. Experiment performed at an initial Pb2+ concentration of 5 mg/L, an initial
pH of 2, a sorbent size interval of <0.125 mm, and a contact time of 24 h. (b) Final pH for the
dose experiment.

According to Ho et al. [24], qe (mg/g) decreased with as the sorbent dose increased, though this
seems to have been due to the fact that almost all Pb2+ was sorbed from the solution, which means
that an increasing number of sorption sites would be left empty at an increased dosage. In the current
experiment, the highest dose evaluated (10 g/L) corresponded to almost a 100% Pb2+ sorption, and qt

was similar irrespective of the sorbent dose. The slight decline in sorption capacity at a dose of <2 g/L
is likely associated with the lower final pH at the lower dose, as indicated in Figure 2b.

An increased sorbent size interval resulted in a decreased sorption capacity, which was expected
due to the less sorbent surface area available [11]. At sorbent dose of 5 g/L of granulated SDBC
(1.00–2.00 mm) had less than half the sorption capacity compared to pulverized SDBC (<0.125 mm)
(see Figure 3). This corresponds to the smaller surface area and pore volume of the granulated SDBC
(see data in Table 4). At a sorbent dose of 0.1 g/L (pH 2 and initial concentration 5 mg/L), there was no
significant removal (or release) of Pb2+ for either of the sorbent size intervals.
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Figure 3. Removal of Pb2+ for different particle size intervals and different doses (m/V) of
sludge-derived biochar. The experiment was performed at an initial Pb2+ concentration of 5 mg/L,
an initial pH of 2, and a contact time of 24 h.

3.2.3. Sorption Kinetics: Pb2+ Sorption to SDBC

The kinetic study, performed for Pb sorption to SDBC, indicated that it took approximately 50 h
before sorption equilibrium was established (see Figure 4).

Figure 4. Kinetics of Pb2+ sorption to sludge-derived biochar. The experiment was performed at an
initial Pb2+ concentration of 5 mg/L, an initial pH of 2, a sorbent dose of 5 g/L, and a sorbent size
interval of <0.125 mm. Sorption equilibrium (qe ' 0.5 mg/g) is indicated by the dotted line.

According to Tran et al. [30], it could take several days or weeks before equilibrium is established
for porous sorbents. The pore diffusion and/or diffusion on the sorbent surface limits the sorption
rate [49]. However, the long time required for equilibrium in this experiment does not agree with
previous studies of Pb2+ sorption to sludge-derived biochar. According to several studies, equilibrium
was established within a few hours [15,26,50]. According to Lu et al. [25], a low kinetic rate indicated a
high degree of chemisorption through surface complexation and precipitation, while ion exchange
and electrostatic interaction are considered as much quicker processes. The sorption could, according
to Lu et al. [25], take a longer time at a low pH, although equilibrium should though still be reached
within a few hours. As previously mentioned, there was an indication that small pores were opened
up during the kinetic experiment. This might, in part, explain the slow kinetics, as the number of
sorption sites could then gradually increase.

3.2.4. Effect of pH on Pb2+, Ni2+, Cd2+, Cr3+, Cu2+, and Zn2+ Sorption to SDBC

SDBC caused an increase in the sample pH (regardless of initial pH), with a maximum final pH of
approximately 8 (see Supplementary Materials Figure S5). This pH increase may have derived from
the release of alkalis such as Ca2+ [51]. Figure 5 shows the final concentrations of Pb2+, Ni2+, Cd2+,
Cr3+, Cu2+, and Zn2+ for the pH experiments in relation to the final pH of the solution.
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Figure 5. Metal removal at various final pH levels. Final concentration in relation to initial concentration
(Ct/C0) of (a) Pb2+, (b) Ni2+, (c) Cd2+, (d) Cr3+, (e) Cu2+, and (f) Zn2+ in solutions containing individual
metals and sludge-derived biochar. In the legend, all metals are denoted by Me. The experiments
were performed at an initial metal concentration of 5 mg/L, a sorbent dose of 5 g/L, a sorbent size
interval of <0.125 mm, and a contact time of 24 h. No standard deviations are given for Cd, Cr, Cu,
or Zn because there were only two replicates. The solid and dashed blue lines represent the fraction
of dissolved metals and the metal hydroxides as a function of pH and were calculated using Visual
MINTEQ 3.1. The grey areas, dotted black lines, and dashed black lines represent the pH from which
the precipitation of metal hydroxides/oxides may occur (solubility index >0) at metal concentrations
of 5, 0.1, and 0.005 mg/L, respectively. (Metal species that constituted a fraction less than 2% were
excluded from the diagrams.)

SDBC showed the potential to sorb over 90% of Cd2+ and Zn2+ at a final pH of approximately
7, which indicates that precipitation is not a dominating mechanism, since Cd2+ and Zn2+ should be
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prevalent as metal ions below ~9 and 8, respectively. Instead, sorption processes such as ion exchange
and surface complexation are likely involved, together with electrostatic interaction. At an initial pH of
2 (final pH of ~2.5), SDBC released Zn2+, which caused an increase in the sample Zn2+ concentration
of ~70%. Pb2+ was partly sorbed at a final pH of <3. At a higher pH (from final pH ~6.5 and above),
Pb was removed to almost 100%, which might partly have been caused by precipitation, since lead
hydroxides could start to form from a final pH of approximately 6.5.

Cr3+ and Cu2+ were removed to almost 100% at a final pH of approximately 7 and above.
This removal could partly or entirely be attributed to precipitation, since Cr3+ and Cu2+ could
precipitate from a final pH of approximately 5 and 6, respectively. The Ni2+ removal of more than 50%
at a final pH of approximately 7.5 could partly be attributed to precipitation, since Ni2+ precipitation
could occur from approximately pH 7.5.

The speciation of heavy metals was not directly investigated here. However, it should be noted
that the speciation of heavy metals may not only be affected by the pH in the solution, but also by
other factors such as redox potential. Wongrod et al. [52] showed that the oxidation of As3+ to As5+

(redox potential under standard conditions: +0.56 V) occurred after the addition of SDBC. Reduction
may also occur, as Cr6+ is easily reduced to Cr3+ (redox potential under standard conditions: Above
+1.3) [30]. In the case of the metals investigated here, redox reactions are most likely to be of importance
in the case of Cu2+, as this metal has the highest standard reduction potential (the standard reduction
potentials fall in the order of: +0.34, −0.13, −0.25, −0.40, −0.74, and −0.76 for Cu2+, Pb2+, Ni2+, Cd2+,
Cr3+, and Zn2+, respectively). El-Naggar et al. [53] investigated heavy metal mobility in soil amended
with rice hull biochar under fluctuating redox conditions and found that an increase in redox potential
resulted in larger fraction of dissolved heavy metals (Cd, Cu, Ni, and Zn). The dissolution was
associated with a decline in pH. Oxidation of sulfides and increased concentrations of dissolved
aromatic organic compounds at high redox potentials was given as other possible explanations of the
increased solubility of heavy metals under high redox potential.

When sorbents were added to ultrapure water at an initial pH of 2, the release of Pb, Ni Cd, Cr, Cu,
and Zn occurred (as given in Table 5). At an initial pH of 4, the release of Pb2+ from SDBC decreased to
3.6 × 10−4 mg/L, and no release of Pb2+ was detected at an initial pH of 8 (see Supplementary Materials
Table S1). These results agree with the findings of Wu et al. [46], who observed a higher release of Pb
when samples were acidified to pH 2–4. The release of Pb2+ per gram of SDBC added was higher at a
lower sorbent dose, with the release of 1.2 × 10−3 mg/g at a dose of 5 g/L and 4.0 × 10−2 mg/g at a dose
of 0.1 g/L (pH 2, sorbent size interval <0.125 mm, and contact time 24 h).

The release of Zn2+ was similar to that found by Ho et al. [24], who performed acid leaching tests
on sludge-derived biochar and detected resulting Zn concentrations of 4.9 mg/L. Similar to our findings,
Ho et al. [24] detected low concentrations of Pb, Ni, Cd, Cr, and Cu after the acid leaching tests.

3.3. Isotherm Modeling: Pb2+ Sorption to SDBC

The isotherm models for the sorption of Pb2+ to SDBC are shown in Figure 6a,b (since WDBC and
AC did not sorb significant amounts of Pb2+ over the whole concentration range, it was not possible to
perform isotherm modeling for these sorbents). The parameter and R2 values for the different models
are given in Table 6. When thee modeling was based only on experimental data where the equilibrium
concentrations were above 1 mg/L, the Freundlich, Langmuir–Freundlich, and Redlich–Peterson
models showed the highest correlations with the experimental data, and all three models gave very
similar outputs. However, the sorption at equilibrium concentrations comparable to those in municipal
wastewater was not accurately predicted in this case (as seen in Figure 6a). When the modeling was
based on the whole concentration range, the Redlich–Peterson model showed the highest correlation
with the experimental data. Even though the parameter values for Redlich–Peterson were not similar
when modeling was based on concentrations >1 mg/L compared to when modeling was based on
the whole concentration range, both modeling options gave similar outputs at concentrations above
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1 mg/L. On the contrary, fitting the Freundlich and Langmuir–Freundlich models based on the whole
concentration range resulted in less accurate fits at concentrations above 1 mg/L.
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Figure 6. Isotherm models for Pb2+ sorption to sludge-derived biochar: (a) Modeling based on
equilibrium concentrations of >1 mg/L and (b) modeling based on the whole concentration range
(qi = 1.37 × 10−2 mg/g). In (a), the Freundlich, Langmuir–Freundlich, and Redlich–Peterson curves
are overlapping.

The Redlich–Peterson isotherm was especially developed for describing sorption over a wide range
of sorbate concentrations [38], which could explain why it has potential to fit the experimental data
well. The sorption capacity increased linearly at initial Pb concentrations below 0.1 mg/L. This indicates
that the sorption sites that are occupied first have similar sorbate affinities, while at increasing sorbate
concentrations, the sites of decreasing sorbate affinity become occupied. The Langmuir–Freundlich
model gave the second best fit when considering the whole concentration range. Both with three
parameters, the Redlich–Peterson and Langmuir–Freundlich models are more flexible compared to
the other models considered. A difference between the two models is that the Langmuir–Freundlich
model predicts saturation of surface sites at high sorbate concentrations, while Redlich–Peterson does
not predict a finite sorption capacity.
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Table 6. Parameter values for the different isotherm models after fitting to the experimental data (Pb2+

sorption to sludge-derived biochar). R2 is the coefficient of determination.

Isotherm
Model/Parameter

Name

Parameter Value and Standard
Error for Equilibrium

Concentrations >1 mg/L
R2

Parameter Value and
Standard Error for the Whole

Concentration Range
R2

Langmuir 0.86 0.91
Qmax 1.8 ± 0.2 0.95 ± 0.20

KL 0.23 ± 0.06 1.8 ± 0.4
Freundlich 0.98 0.77

KF 0.45 ± 0.03 0.20 ± 0.03
n 0.32 ± 0.02 0.55 ± 0.03

Langmuir–Freundlich 0.98 0.92
QLF 137 ± 8053 1.6 ± 0.4
nLF 0.32 ± 0.16 0.82 ± 0.07
ALF 0.0033 ± 0.2006 0.47 ± 0.26

Temkin 0.94 0.67
b 7.3 ± 0.8 140 ± 30

KT 3.0 ± 0.8 280 ± 60
Redlich–Peterson 0.98 0.97

KRP 6.6 × 10ˆ8 ± <0.1 × 10ˆ8 1.9 ± 0.1
aRP 1.5 × 10ˆ9 ± <0.1 × 10ˆ9 3.1 ± 0.8

g 0.68 ± 0.01 0.75 ± 0.06

The isotherm parameter values for the sorption of Pb2+ to sludge-derived biochar vary. As an
example, the studies by Ho et al. [24] and Lu et al. [48] determined the Freundlich parameter values to
be ~30 and 2.23, respectively, for KF and ~8 and 0.298, respectively, for n. In the latter case, the pH
in the experiment was 2 (as in this study), and KF increased with increasing pH. The corresponding
maximum sorption capacities found in those studies were 47 mg/g and ~30 mg/g. The lower value of
KF in this study is in agreement with the lower maximum sorption capacity found here.

3.4. Possible Implementation in a Municipal Wastewater Treatment Plant

SDBC could sorb Pb at concentrations comparable to those in municipal wastewater. Sorption
occurred at pH 2, which shows that sorption mechanisms other than precipitation were of importance.
At 0.005 mg Pb/L, which is comparable to the minimum Pb concentration typically found in raw
municipal wastewater (0.002–0.1 mg Pb/L according to Cantinho et al. [7]), Pb release occurred.
However, because the release of metals decreased with increasing pH, there should be less risk of
release when the sorbent is applied in real wastewater (which was also indicated by our preliminary
results with respect to sorption from wastewater; see Supplementary Materials Figure S3). The risk of
release may also vary depending on the metal content in sludge feedstock. The metal concentrations
in SDBC were below the limit values for sludge use in agriculture according to European Directive
86/278/EEG [4]. However, the concentrations of Pb, Ni, Cd, Cr, Cu, and Zn were higher compared
to the average metal concentrations in sludge from certified WWTPs in Sweden (16, 15, 0.7, 30, 314,
and 498 mg/kg dry matter (DM), respectively) [54]. Enrichment of these metals by approximately
20%–60% has previously been shown, due to loss of DM during pyrolysis [25,55]. Even when
possible enrichment is considered, the concentrations of these metals in SDBC are still slightly higher
than the average concentrations in sludge from certified WWTPs. In comparison to other metals,
the concentration of Hg in SDBC was small, and this indicates that it was volatilized during pyrolysis.

The release of Ni, Cd, Cu, and Zn (at an initial pH of 2) resulted in heavy metal concentrations
exceeding the minimum concentrations encountered in municipal wastewater. The risk that these
heavy metals are released from SDBC could therefore not be ruled out. In the case of Cr, the release was
below the typical concentrations found in municipal wastewater. At a pH similar to that in municipal
wastewater (typically pH 7–8, according to la Cour Jansen et al. [56]), SDBC was shown to sorb large
amounts of Cd and Zn through sorption processes other than precipitation. The reduction of Cd is
particularly relevant since the general reduction of Cd levels is required to reach long-term targets for
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sludge reuse according to the Swedish certification and proposed legislation [54]. Pb, Cr, and Cu could
partly be removed through precipitation at a pH similar to that in real wastewater. The addition of
sorbent may thus promote metal removal both through sorption and by alkalization. Precipitation of
Ni does not occur at a similar pH but would require the pH to increase (to above pH 8.5–9). Efficient
Ni removal is thus less likely to occur. Note that the initial metal concentrations investigated in the pH
experiments were higher than those typically found in municipal wastewater, and the removal/release
of Ni, Cd, Cu, Cr, and Zn at a pH and initial concentration representative of that found in municipal
wastewater needs to be further accessed.

The isotherm experiments and modeling showed that experimental data at concentrations
comparable to those in municipal wastewater are necessary to accurately predict the sorption capacity
at these concentrations. To clarify the importance of accurate isotherm parameter values for the
prediction of sorption and removal capacity, consider the required dose of SDBC to achieve 90%
removal of Pb2+ at an initial concentration of 0.05 mg/L (which is in the middle of the expected range
of 0.002–0.1 mg/L) (based on Figure S6 in the Supplementary Materials):

• When we applied the Redlich–Peterson isotherm with parameter values based on the experimental
data for an equilibrium concentration of >1 mg/L, we found that the required dose was ~0.6 g/L.

• However, when the isotherm parameter values based on the whole concentration range of the
experiment were applied, we found that the removal increased only marginally after 80% removal
had been reached. To achieve 80% removal, a dose of ~10 g/L was required.

Thus, the predicted amount of sorbent required is greatly underestimated if modeling is based on
only the higher equilibrium concentrations.

For the calculation of the equilibrium sorption at concentrations comparable to those in municipal
wastewater, it is relevant to take into account qi, which represents the initial amount of sorbed
metal per mass unit of sorbent. This parameter is generally not taken into account in sorption
experiments. Considering the variation in the of release of metals at different pH levels and sorbent
doses, these conditions will likely influence the value of qi. Furthermore, the total amount of metals
contained in the sorbent will also influence the value of qi.

In a wastewater treatment process, dose and size interval could be adapted based on the required
metal removal. Note that the maximum possible dose, if the sorbent was produced internally at the
treatment plant (according to the novel concept considered here), would be limited by the amount of
primary sludge produced over time.

Due to the slow kinetics, it might not be practically possible to achieve maximum sorption if
SDBC were applied in municipal wastewater treatment, because the required basin volumes to achieve
comparable residence time would be very large.

For the possible implementation of SDBC as a sorbent in a WWTP, the sorption capacity needs
to be further evaluated with wastewater of different qualities. One aspect that we plan to evaluate
in coming work is the possible competition for and blocking of sorption sites—depending on factors
such as organic matter concentration in the wastewater. Furthermore, the possible synergies of metal
removal and removal of other pollutants is of interest for further investigation. Wei et al. [57] found that
effluent organic matter from a biological wastewater treatment process enhanced the sorption of Cu2+

onto SDBC through interaction of humic and fulvic acids in the sorption process. To determine the
possible metal sorption in a specific WWTP, the speciation of metals in the raw wastewater (dissolved
or particle-bound) should also be assessed.

4. Conclusions

A high potential of Pb2+ sorption by SDBC was demonstrated at Pb concentrations comparable to
those in municipal wastewater (up to 83%, with a maximum sorption capacity of ~2 mg/g at pH 2);
however, it is important to note that the release of Pb from the sorbent may be an issue when the initial
Pb concentration is below 25 µg/L (municipal wastewaters could have Pb concentrations below this
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value). The experimental results and modeling indicated that Cd, Cr, Cu, and Zn may be efficiently
removed by sorption to SDBC and alkalization induced by the addition of sorbent at a pH similar
to that in municipal wastewater, while efficient removal of Ni is less likely to occur. Ni, Cd, Cr, Cu,
and Zn removal at an initial concentration comparable to that in municipal wastewater was not directly
evaluated and the risk of Ni, Cd, Cu, and Zn being released from SDBC at such initial concentrations
could not be ruled out. The Pb2+ sorption capacity of the reference materials, i.e., WDBC and AC,
was considerably lower compared to the anticipated sorption capacity based on the literature (<0 and
(3.5 ± 0.4) × 10−3 mg/g, respectively). The probable cause is the low pH used in the experiments (pH 2).
The Pb sorption capacity of SDBC could be described using the Redlich–Peterson isotherm model
over a concentration span of 0.005–150 mg/L. It was shown that experimental data at concentrations
comparable to those in municipal wastewater are necessary to accurately model and predict the
sorption capacity of SDBC at these concentrations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/12/1559/s1,
Table S1: Release of metals from sludge-derived biochar (SDBC) at different pH levels; Figure S1: Removal
efficiency and sorption capacity of SDBC for Pb2+ at initial Pb2+ concentrations similar to those in municipal
wastewater, based on the literature data; Figure S2: Removal of Pb2+ at different doses; Figure S3: Concentrations
of Pb2+ in milli-Q (ultrapure water) and filtered wastewater (0.45 µm) before and after the addition of SDBC (5 g/L);
Figure S4: Residual Pb2+ in the solution (Ct/C0) at various final pH levels; Figure S5: Initial and final pH levels
after the addition of SDBC to the metal solutions during the experiment with respect to the effect of pH; Figure S6:
Calculation of the removal (%) at different doses and initial concentrations (C0) equal to 0.050 mg Pb2+/L, based
on the isotherm parameters that were determined in this study.
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Nomenclature

AC Activated carbon
C0 Initial concentration (mg/L)
Ct/Ce Final/equilibrium concentration (mg/L)
∆C Removal efficiency (%)
DM Dry mass (%)
m Sorbent mass (g)
mMe Sorbate mass (mg)
m/V Sorbent dose (g/L)
qi Initially sorbed metal (mg/g)
qt/qe Final/equilibrium sorption (mg/g)
SDBC Sludge-derived biochar
V Volume (L)
WDBC Wood-derived biochar
WWTP Municipal wastewater treatment plant
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