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A B S T R A C T   

Pyrolysis is a thermochemical process that permits the conversion of biomasses into energy (bio-oil and biogas) 
and a solid residue called biochar. The generation of biochar from lignocellulosic materials has been, for long
time, the predominant research focus. Wastewater treatment plants produce huge amounts of sludge biomass and 
there exists an increasing evidence for their possible reuse as a promising pyrolysis feedstock in recent literature. 
Though the valorization of biochars generated from lignocellulosic biomasses has been the subject of many 
reviews, there exists a critical knowledge gap regarding the effect of synthesis conditions of the sludge-derived 
biochars (SDBs) on their efficiency in the treatment of wastewater. This review critically analyzes the available 
literature related to SDBs characteristics and application to adsorb inorganic and organic pollutants from ef
fluents. The physico-chemical properties and adsorption efficiency of SDBs are mainly tuned by the nature of raw 
sludge, pyrolysis conditions, and pre/post-treatments. Indeed, biochars originating from digested sludge have 
better adsorption capacities towards nutrients and heavy metals compared to those obtained from the non- 
digested sludge. The nutrients recovery from urban wastewater could be significantly improved when the raw 
sludge is mixed with lignocellulosic biomass and Mg/Ca rich materials. On the other hand, the chemical acti
vation of sludge at reagent/sludge ratios higher than 2:1 permits to generate SDBs with adsorption capacities 
comparable and even better than commercial activated carbons. Moreover, the embedment/coating of SDBs with 
specific nanomaterials and tailored functional groups could significantly improve the adsorption capacities of 
various organic toxic pollutants and at the same time enhance their chemical degradation. The effect of the 
nature of target pollutants (organic or inorganic) on the underlying adsorption mechanisms by SDBs was also 
deeply reviewed. Finally, this paper provides the main application challenges as well as insights regarding the 
promising future directions for SDBs research and development.   

1. Introduction 

The worldwide population has significantly increased from 3 billion 
in 1960 to 7.7 billion in mid-2019. It is expected to reach 10.1 billion in 
2050 [1]. This population increase is systematically accompanied by an 
important food and water consumption and, therefore, a proportional 
generation of sludge from wastewater treatment plants (WWTPs). 
Global production of sewage sludge has been estimated to about 45 

million dry tons per year. Depending on the quality of the influent in 
WWTPs, sludge may contain several harmful inorganic and organic 
substances (such as heavy metals, pharmaceuticals and pathogens) as 
well as beneficial compounds including organic matter, and macro- and 
micro-nutrients [2,3]. Considering safety requirements and circular 
economy exigencies, the sustainable management of sludge represents a 
serious environmental concern and a real challenge/opportunity for all 
the concerned stakeholders [2]. 

Different technologies have been explored to reduce the risks 
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associated with sludge reuse in order to benefit from its constituents. 
These technologies include: i) agricultural valorization as organic 
amendments [3,4], ii) anaerobic digestion to produce biogas (mainly 
methane) and nutrient-rich digestate for energy and agronomic pur
poses, respectively [5], iii) reuse as low cost materials in building con
struction [6], and iv) thermochemical conversion through combustion 
or gasification for energy and biofuel production [7]. Unfortunately, 
these techniques present drawbacks such as bad smells, relatively low 
output, dependency to micro-organisms, pollutant release, etc. On the 
contrary, pyrolysis, which is a thermo-chemical conversion method that 
occurs in absence of oxygen at relatively lower temperatures, is more 
advantageous. It converts sludge into fuels (bio-oil and gas) for energy 
purposes and solid residues named biochars. Even though the bio-oil has 
interesting energy content, it should be handled with precaution as it 
could be corrosive and/or contain hazardous compounds [8]. The SDBs 
could be valorized in various applications including energy production, 
agriculture and wastewater treatment. 

Particular attention has been paid during the last decade to the reuse 
of biochars for the removal of chemical contaminants from aqueous 
solutions. The recent growing interest in SDBs could be attributed to the 
promising results regarding the low leachability of their heavy metals 
content. Indeed, the pyrolysis process concentrates heavy metals in 
SDBs, increasing therefore their immobilization as compared to those 
contained in sludge incineration residues [9]. 

The efficiency of SDBs in removing pollutants from aqueous solu
tions is dependent on their physico-chemical properties such as the 
cation exchange capacity, surface area, microporosity, mineral content, 
and surface functional groups [10]. These properties depend on the raw 
sludge nature (primary, secondary, activated and digested), pyrolysis 
and adsorption experimental conditions [11–14]. In order to improve 
pollutants removal from aqueous solutions using SDBs, different modi
fication methods have been tested as a pretreatment step (on the raw 
sludge) and/or as a post-treatment stage (on the biochar) [14,15]. These 
methods are intended to: i) increase the surface area of SDBs, ii) improve 
their porosity development, and iii) form new and adapted functional 
groups on their surface. 

To date, many review papers have been published on biochar ap
plications for adsorption purposes (145, according to Scopus website 
retrieved on June 20, 2020 for review papers containing the words 
“biochar” and “adsorption” in Title, Abstract, Keywords). However, the 
majority of them deal with lignocellulosic materials. Only 7 review 
papers have focused on sludge as a feedstock for pyrolysis (according to 
Scopus website retrieved on June 20, 2020 for review papers containing 
the words “biochar” and “adsorption” and “sludge” in Title, Abstract, 
Keywords). Moreover, the attention has mainly been paid on SDBs 
production, characterization and applications in agriculture [3], con
struction [6], and for the removal of specific pollutants from wastewa
ters [13]. Recently, Liu et al. [10] published an excellent review on the 
SDBs’ characteristics compared to other biochars followed by their reuse 
as: (i) efficient adsorbents for wastewater treatment, (ii) eco-friendly 
fertilizers in agriculture with a focus on their possible toxicity, (iii) 
catalysts for thermochemical conversion, and (iv) carbonaceous mate
rials for energy recovery. The current review provides an in-depth 
evaluation of the influence of SDBs synthesis conditions on their effi
ciency in removing both inorganic and organic pollutants from waste
waters. Moreover, a critical evaluation of the underlying adsorption 
mechanisms is an important contribution of this review. The application 
of such cost-effective adsorbents for wastewater treatment permits to 
substantially reduce the use of expensive activated carbon as well as the 
environment protection against pollution risks generated by the current 
used raw sludge management options. Therefore, this review aims to 
summarize and critically analyze the existing studies related to the 
impact of raw sludge type and pyrolysis conditions on SDBs 
physico-chemical properties. A special attention was paid to the role of 
modification methods on both the improvement of SDBs properties and 
contaminants removal capacities as well as the involved mechanisms. 

2. Production and properties of sludge-derived biochars 

2.1. Raw sludge production, properties and management policy 

Wastewater generation is continuously increasing with the growing 

Abbreviation list/nomenclature 

ADS Anaerobically digested sludge 
A-SDBs Aerobic sludge derived biochar 
AN-SDBs Anaerobic sludge derived biochar 
C Polluant initial concentration (mg L− 1) 
Ce Pollutant concentration at equilibrium (mg L− 1) 
CEC Cation Exchange Capacity (cmol kg− 1) 
D SDB dose (g L− 1) 
DS Dewatered sludge 
DDS Dewatered digested sludge 
EMI Electromagnetic Induction Method 
FTIR Fourier-transform infrared spectroscopy 
G Heating rate or pyrolysis gradient temperature (◦C min− 1) 
ICP Inductively Coupled Plasma 
k1 Equilibrium rate constant of pseudo-first-order adsorption 

(min− 1) 
k2 Pseudo-second-order rate constant of adsorption (mg g− 1 

min− 1) 
Kf Freundlich constant (L/mg) 
KL Langmuir constant (L/mg) 
NMR Nuclear Magnetic Resonance 
MSSDB Mixture Sludge-Starch-Derived-Biochar 
nF Freundlich equation exponent 
NCC Nano-composite coating 
PCA Physico-chemical activation 

PFO Pseudo-first-order model 
PSO Pseudo-second-order model 
PS Petrochemistry sludge 
PZC Point of zero charge 
qe Amount of pollutant adsorbed at equilibrium (mg g− 1) 
qe,I Pollutant adsorbed amount at equilibrium predicted by the 

pseudo-first-order model 
qe,II Pollutant adsorbed amount at equilibrium predicted by the 

pseudo-second-order model 
qmax Maximum adsorption capacity of the adsorbent (mg g− 1) 
qt Adsorbed pollutant amount at time t (mg g− 1) 
RSM Response surface methodology 
SA or SSA Specific Surface Area (m2/g) 
SEM/EDX Scanning Electron Microscopy (SEM) with Energy 

Dispersive X-Ray (EDX) 
SDB Sewage derived biochar 
t Residence time (s, min or h) 
T Final pyrolysis temperature (K or ◦C) 
TE Treatment effluent 
Vt Total pore volume (cm3 g− 1) 
WAS Waste activated sludge 
WS Walnut shells 
WWTP Waste water treatment plant 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
Y Char yield (%)  
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world population and the diversification of industrial activities. These 
wastewaters, if released raw into the ecosystem, can affect the biota and 
degrade natural resources [16]. Therefore, wastewater treatment is 
fundamental to preserve the environment by eliminating hazardous 
materials before discharge and/or reuse [4,17]. Unfortunately, the 
treatment processes could generate residual solid byproducts called 
sludge. The huge generated amounts of sludge have been considered for 
a longtime as wastes since they could pose serious management chal
lenges due to their origin and complex composition. Indeed, sludge 
volume and composition vary largely with the geographic area, local 
conditions, onsite treatment operations (stabilization, conditioning, 
thickening, digestion, etc.), wastewater nature (urban, industrial, etc.), 
and even seasonally within the same WWTP [18]. In most cases, freshly 
generated sewage sludge is initially characterized for its specific gravity, 
dry matter content, and sludge volume index. The pH of sewage sludge is 
normally within a neutral range (7.0–8.5). Generally, it contains about 
20% of lipids, 50% of carbohydrates (sugar, starch, and fiber), 17%– 
23% of organic carbon, 3% of total nitrogen, 1.5% of total phosphorus, 
0.7% of potassium and a C:N ratio comprised between 10 and 20 [19]. In 
addition to beneficial components such as organic carbon and macro- 
and micro-nutrients, hazardous materials are also present in sludge due 
to their association with the solid phase during wastewater treatment. 
Their concentrations depend mainly on the raw wastewater origin, 
composition, treatment technologies and efficiency. Heavy metals or 
potential toxic elements (PTEs) are the most explored pollutants in 
wastewater and sludge due to their ubiquitous presence, toxicity and 
low biodegradability [20,21]. Some PTEs are essential trace elements to 
biota, such as copper (Cu), iron (Fe), nickel (Ni), and zinc (Zn) [22–24]. 
However, at excessive concentrations, even the essential elements can 
be toxic like non-beneficial heavy metals, including cadmium (Cd), 
chromium (Cr), arsenic (As), mercury (Hg), and lead (Pb) [25]. In 
addition to the inorganic compounds, sludge tends to accumulate 
organic compounds such as polycyclic aromatic hydrocarbons [26]. 
Organic pollutants can contaminate the environment and have a nega
tive effect on biota but, in contrast to PTEs, they could be degraded 
during different phases of sludge pre- or post-treatment [3]. 

In view of the fact that sludge has a complex composition, including 
beneficial and hazardous components, its treatment and management 
represent a growing challenge [3,21]. The sludge treatment cost con
stitutes approximately half of the wastewater treatment cost. The final 
sludge composition, stability as well as local management strategies will 
determine the feasibility of the three most common “color-labelled” 
management pathways namely, landfilling (black), land application 
(green), and thermal processes (red). These latter processes mainly 
include combustion/incineration, gasification, hydrothermal carbon
ization, and pyrolysis. Among these strategies, pyrolysis, also known as 
thermolysis, has been racing ahead for sludge management owing to its 
lower carbon footprint compared to other thermal methods [27]. 
Moreover, pyrolysis generates: (i) bio-oil that could be reused after an 
upgrading step [8], (ii) biogas with lower acidic gases and dioxins 
contents compared to the incineration process [28], and (iii) biochar 
that can have various applications in agriculture, environment and en
ergy domains [10]. 

2.2. Sludge-derived biochars production 

The SDBs can be produced, through pyrolysis, in a wide range of 
installations and reactors, operating under different conditions (heating 
rate, final temperature, residence time, particle size, etc.). It leads to a 
very large variety of biochars with different characteristics in terms of 
structure, morphology, composition, etc. This technique allows long 
vapor residence time within the solid particle and therefore more effi
cient secondary cracking reactions [29]. Such conditions are ensured by 
pyrolysis (conventional or microwave-assisted), torrefaction or/and 
gasification (Table 1). Recently, hydrothermal carbonization has started 
gaining ground [30,31]. Its principle is the treatment of the wet sludge 
with hot compressed water, avoiding the costly drying step (Table 1). 
Again, here, our interest will be centered on the properties controlling 
the SDBs applications for wastewater treatment through adsorption. 

It is important to underline that the pyrolysis process permits the 
decomposition of organic materials at temperatures above 350 ◦C under 
anoxic conditions [45]. It can be categorized as slow and fast pyrolysis. 
Fast pyrolysis converts biomass at rapid heating rates, which maximizes 
the liquid and gaseous fractions [46]. In contrast, slow pyrolysis, oper
ates at long residence times and slow heating rates, maximizing the solid 
fraction (biochar). At industrial level, slow pyrolysis is carried out with 
low energy requirements, easier by-products separation and heat re
covery possibilities [34]. This thermochemical process is often preceded 
by a pretreatment procedure of the raw sludge to ensure a proper 
progress of the operation. It includes all or some of the following steps: 
dewatering (removal of water), drying (removal of moisture and other 
liquids than water), and pelletizing for easier handling and transport by 
mixing with additives (admixtures). 

2.3. Sludge-derived biochars characterization 

The physical, chemical, textural, and morphological properties of 
SDBs affect significantly its final usage. Therefore, its thorough char
acterization before application is essential and for that, more or less 
sophisticated analytical apparatus such as SEM/EDS, FTIR, MNR, 
Raman, XPS, XRD etc. are often used [29]. For wastewater treatment, 
the required characteristics of SDBs include a large specific surface area, 
a developed pore network dominated by micropores, an enriched sur
face functional groups, a higher polarity, and the presence of some 
specific mineral components such as Fe, Ca and Mg [47]. Generally, 
SDBs have lower carbon (C) content compared to lignocellulosic 
biomass-derived biochars (Table S1) (15–50% versus up to 95%) [32, 
48–50]. Consequently, its molar H/C ratio is relatively higher (Table S1 
and Fig. 1), especially at high pyrolytic temperatures, where 0.7 to 0.9 
ratios are common [35,41,51,52]. This ratio indicates the degree of 
carbon stability and the proportion of fused aromatic ring structures. 
The lower is the ratio, the greater is the stability and the more converted 
is the material. These low ratios are generally reached for slow heating 
rates [53,54]. 

In general, high ash content of biochar is advantageous for adsorp
tion applications [55]. Indeed, the minerals left in the pores after the 
thermal process might contribute to enhance adsorption by different 
mechanisms. SDBs are often rich in minerals (~65%) (Table S1 and 
Fig. 1) [33,52,56]. Contrarily to potassium and sodium, low amounts of 
nitrogen are found in sludge biochars, as nitrogen-containing 

Table 1 
Processes of biochar production from sludge (* under pressure).  

Parameter Slow Pyrolysis Fast Pyrolysis Flash Pyrolysis* Torrefaction Gasification Hydrothermal carbonization 

Temperature (◦C) >400 300–1200 800–1300 200–400 500–1300 150–300 
Heating rate (◦C/s) <1 10–300 >1000 <1 – – 
Residence time 5 min - 12 h <5 s <1 s 30 min–4 h <1 min 5 min–4 h 
Biochar yield (% wt) 15–35 10–30 15–25 5–15 5–15 5–45 
Reference [32–34] [35,36] [37,38] [39,40] [41,42] [30,43,44]  
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compounds are generally decomposed during the charring process 
(0.2% for high final temperature to 7% at low to moderate ones) [52, 
57]. SDBs contain also cationic metals (Ca, Mg, Fe, Na, etc.), which play 
a non-negligible role in adsorption by providing binding sites to nega
tively charged ions in liquid effluents [58]. Indeed, the sorption process 
may involve electrostatic interactions between the pollutant molecules 
and some active sites in biochars. Moreover, its pH and point of zero 
charge (PZC), which contributes to measuring the surface charge dis
tribution of porous carbons, are important during liquid effluent treat
ment (Table S1 and Fig. 1). On the contrary, the presence of heavy 
metals such as Cd, Cu, Zn, Ni, etc., in biochars could hinder their 
application in adsorption processes [59]. Moreover, heavy metals con
tained in the raw sludge, are concentrated in the residual fraction of the 
SDBs making them less mobile than those contained in 
sludge-incineration residues [60]. 

The surface chemistry of SDBs is related to the presence of certain 
chemical elements. Heteroatoms such as hydrogen, oxygen, sulfur and 
nitrogen might be involved in surface complex functionalities that may 
be acid (anhydrides, carboxyles, lactols, phenols, lactones, etc.), basic 
(quinone, pyrone, chromene, nitrogen groups, etc.), or neutral (ethers, 
carbonyls, etc.) [61]. Alkali metals, mainly sodium and potassium, and 
alkaline earth metals, such as calcium and magnesium, in the form of 
carbonates give also a basic feature to SDBs [57]. Moreover, textural 
properties (specific surface area, micropore volume, etc.) are crucial 
when dealing with surface mechanisms related sorption, while the pore 
size and interconnection are implied during the inner migration of the 
adsorbed molecules [62,63]. For sludge biochars, surface areas of 
10–150 m2/g [33,64,65] and pore volumes (up to 0.1 cm3/g) [52] are in 
the same range as other biomass-derived chars [29,66]. The porosity of 
the SDBs is increased in comparison with the raw sludge due to the 
volatile matter release. The water released by the dehydroxylation of 
inorganic material helps also (micro)pore formation [67]. This is 
important, as micropores development is more favorable than other 

pores in preparing an adsorbent. Nevertheless, most SDBs are reported 
to be mesoporous [68]. The best adsorptive biochar performances have 
been almost correlated to microporous structure, revealed by isotherms 
of nitrogen adsorption for various SDBs [59,68]. 

After activation, the specific surface area of SDBs can attain values 
around 1000 m2 g− 1, which is lower than some commercial activated 
carbons (1000–2000 m2 g− 1). However, their adsorption capacity may 
be more effective than some activated carbons in removing specific 
contaminants such as H2S and NOx generated during the thermochem
ical processes [69,70]. These biochars have also found to efficiently 
adsorbing metals, phenols and dyes [47,71]. 

2.4. Impact of experimental conditions on sludge-derived biochars 
properties 

The entire charring process, as well as the pre and the post-treatment 
procedures influence SDBs properties. It is well known that biochar yield 
is higher at low temperatures but, in general, the properties required in 
SDBs as adsorbent are obtained at high temperatures and with addi
tional activation processes [29]. Generally, 600 ◦C is the temperature 
required to completely remove the volatile matter from sludge, yielding 
chars suitable to be activated carbons [29]. When the temperature rises 
during pyrolysis, C, H, N, S, and H/C ratio decrease (Table S1), while 
heavy metals concentrations increase [43,58]. Heavy metals contents 
per dry matter also increases significantly with the pyrolysis residence 
time [72]. 

The specific surface areas of SDBs increase with increasing temper
ature but decrease as the biochar particle size decreases [73]. The sec
ond observation may be the consequence of higher ash content in finer 
grained materials while the first one is attributed to the volatilization of 
the solid high molecular weight hydrocarbons present on the surface of 
the biochars [72]. This is the reason why pore structure and surface area 
development are always correlated, and both are related to the reactor’s 

Fig. 1. Effect of pyrolysis temperature on main SDBs properties: (A) specific area (SA), (B) total pore volume (Vt), (C) biochar yield (Y), (D) ash content, (E) pH of 
zero-point-charge (pHpzc) and (F) Van Krevelen diagram H/C = f (O/C). 
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temperature and to the residence time [37,53]. As an example, in the 
work of Lu et al. [74], the micropore structure could not evolve below 
650 ◦C during pyrolysis. At that temperature, mesopores and macro
pores with an average pore diameter of 120 Å are prevailing, thereby 
confirming that bubbling causes pore enlargements. At higher temper
atures, the biochar acquires more micropores, with an average diameter 
of 55 Å for 750◦C-biochar and 67 Å for 850◦C-biochar, but still with less 
total surface area for the former, which is the consequence of a signifi
cant number of mesopores [74]. During pyrolysis, the impact of the 
residence time on the pore volume distribution has also been investi
gated. Several authors have reported that the specific surface area, the 
total pore volume and the average pore width increase significantly with 
residence time during the thermal treatment by promoting the devel
opment of micro- and macro-pores [10,48,67]. In another study, the 
biochars obtained at 850 ◦C the mesopores were dominant in 30-min 
produced chars, and micropores were more numerous for longer resi
dence times during the thermal treatment [53]. 

On the other hand, pressure may also influence the porosity of bio
chars. The increase of pressure decreases from slightly to considerably 
the total surface area, depending on to how much the tar deposits clog 
the pores [66]. Besides, high pressure brings the aromatic structures to 
be fused and more extended, with higher carbon content than at at
mospheric pressure [38]. It is worth mentioning that an important sur
face area and a microporous structure do not necessarily confer higher 
adsorption capacities to the produced biochar. The binding of an 
adsorbate to a given SDB surface can depend also on the creation of 
ligand bonds via functional groups. Besides, condensed volatile com
pounds on the surface and into the biochar’s pores during pyrolysis may 
significantly change the surface functionalization [75]. 

It is essential to underline that sludge biochars produced at low 
temperatures are acidic while alkaline at higher ones [10,75]. Most of 
the active sites are stabilized during pyrolysis and, consequently, the 
acidic oxygen-containing surface groups are removed from the external 
carbon surface, making them much fewer than Lewis base sites. 
Consequently, the pHPZC generally increases [62]. Despite the 
oxygen-free atmosphere during pyrolysis, oxidation might occur on the 
external surface when the constituent oxygen of the sludge is liberated, 
leading to a more uniform surface charge distribution [76]. 

It is also worth mentioning that sludge pre-treatment may also affect 
SDB properties in many aspects [5].Because of colloidal materials and 
polymeric substances found in sludge, coagulation and/or flocculation 
steps are usually necessary to increase the dewatering efficiency [77]. 

As the lower is the water content in the sludge cake, the less is the 
required heat for the primary pyrolysis reactions. Furthermore, the 
sludge drying temperature set is important as this parameter may in
fluence the release rate of volatiles during the consecutive pyrolysis step 
and the overall pyrolytic behavior. The impact of this step is also felt on 
surface area development [78]. On the other hand, post-treatment is 
usually the step that conditions the biochar to be a potential marketable 
activated carbon. Physical activation for instance increases the surface 
area by factors of 10–20 while it is up to 50 fold times with chemical 
activation (Table S1). Steam activation, as for it, develops uniform pores 
along with gas formation through on-site surface reaction. It is also 
noteworthy that washing sludge chars with de-ionized water, acid or 
base does not necessarily bring significant modifications (Table S1) 
compared to those given by the nature of the pyrolysis system [75]. 

3. Use of sludge-derived biochars for wastewater treatment 

The sustainable management of the sludge produced worldwide has 
become an urgent challenge [79]. Instead of landfilling, the application 
of pyrolysis techniques, allows the production of SDBs with interesting 
physico-chemical characteristics. The valorization of these SDBs as 
efficient adsorbents for wastewater treatment in the context of circular 
economy constitutes a promising and ecofriendly strategy [2]. 

In general, adsorption studies are performed under static conditions 

(batch mode) and usually focus on three parts. The first part concerns 
the physico-chemical characterization of the SDBs (section 2). The sec
ond part addresses the adsorptive properties of the used SDBs. It 
generally includes the assessment of the effects of: i) contact time, ii) 
adsorbent dosage, iii) pH of the reaction medium, iv) initial pollutant 
concentration, v) presence of competitive contaminants, and vi) tem
perature [80]. The experimental kinetic data are commonly confronted 
to classic models such as pseudo-first-order (PFO) and 
pseudo-second-order (PSO) models (Table 2). Besides the isothermal 
data versus temperature are mostly fitted to Langmuir and Freundlich 
models (Table 2) [81]. These fitting investigations could give qualitative 
interpretation regarding the possible involved mechanisms as well as the 
adsorption nature (homogenous/heterogeneous; endothermic/ex
othermic, spontaneity etc.). The third part concerns the rigorous 
assessment of the involved mechanisms by interpreting the various 
physico-chemical analyses of the SDBs before and after the adsorption 
process [10]. 

Tables 3 and 4 give a summary of the primary outcomes of various 
investigations regarding the use of raw and modified SDBs, respectively 
for the removal of both inorganic (heavy metals and nutrients) and 
organic pollutants (dyes, pesticides and pharmaceuticals) from aqueous 
solutions. 

3.1. Factors influencing pollutants removal from wastewater by sludge- 
derived biochars 

The efficiency of raw and modified SDBs in removing various 
chemical compounds (e.g. heavy metals, nutrients, dyes, pharmaceuti
cals etc.) has been investigated for synthetic and real effluents under 
static and dynamic conditions [28,70]. It can be clearly deduced that 
this efficiency is mainly dependent on the physico-chemical properties 
of SDBs, the contaminant characteristics, and the experimental condi
tions (Table 3). The major properties of SDBs in this regard include: i) 
the type and content of surface functional groups, ii) the developed 
porosity and surface area, and iii) their ion content [44]. These prop
erties could be improved by various thermo-physico-chemical modifi
cations [33,61]. The goal is to produce SDBs with better-developed pore 
structure and texture including microporous volume abundance, 
enlarged pore sizes, higher surface area, and denser tailored functional 
groups (Table 4). 

3.1.1. Effect of sludge nature 
The used feedstock for biochar production is a key factor that could 

influence the efficiency of SDBs in pollutants removal. For example, the 
use of dewatered digested sludge (DDS) instead of dewatered sludge 
(DS) for the production of SDBs is more beneficial [100]. Accordingly, 
DDS biochar exhibits better porosity and higher specific surface area for 
a an improved Pb(II) and P removal efficiency from aqueous solutions. 
For instance, the SDB generated from a digested dairy waste presented a 
surface area (161.2 m2 g− 1) and relatively important lead (Pb(II)) 
removal capacity (51.4 mg g− 1) [100]. This high Pb(II) removal capacity 

Table 2 
Most used kinetic and equilibrium models’ original and linearized equations for 
the fitting of experimental data.  

Name Original equation Linearized equation 

Kinetic model 
Pseudo first-order model 

(PFO) 
qt = qe[Exp(lnqe −

k1t)]
Ln(qe − qt) = Ln(qe,I) −

k1t  
Pseudo second-order (PSO) 

qt =
q2

e k2t
qek2t + 1  

t
qt

=
1

k2 q2
e,II

+
1

qe,II
t  

Equilibrium model 
Langmuir qe =

qmax⋅KL⋅Ce

1 + KL⋅Ce  

Ce

qe
=

1
KL⋅qmax

+
1

qmax
Ce  

Freundlich qe = KF⋅C1/nF
e  Ln(qe) = Ln(KF)⋅

1
n
+

Ln (Ce)
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Table 3 
Effect of sludge nature and pyrolysis conditions on removing of mineral and organic compounds from aqueous solutions (T = final pyrolysis temperature; G = pyrolysis 
gradient temperature; t = residence time; qmax: pollutant adsorption capacity; PFO: pseudo-first-order; PSO: pseudo-second order; Lang.: Langmuir; Freun.: 
Freundlich).  

Sludge provenance Pre-treatment Pyrolysis 
conditions 

Post- 
treatment 

Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated sorption 
mechanism 

Ref. 

Minerals 
Anaerobically 

digested sludge 
from a municipal 
WWTP in Harbin, 
China 

– T = 600 ◦C G 
= 15 ◦C/min 
t = 1.5 h 

– C = 200 mg/ 
L 
D = 1 g/L 
pH = 6 
t = 24 h 
T = 20 ◦C 

Pb(II) PSO Lang. 49.9 Electrostatic 
attraction, 
Precipitation, 
Complexation, Ion 
exchange 

[81] 

Anaerobically 
(primary and 
secondary) 
digested sludge, 
China 

– T = 600 ◦C t 
= 2 h 

– C = 0.1–1 
mmol/L 
D = 0.5 g/L 
pH = 7 
t = 12 h 
T = 22 ◦C 

Pb(II) 
Cd(II) 

– Lang. 126.4 
49.5 

Complexation [82] 

Sludge from an 
industrial WWTP, 
Belgium 

– Slow 
pyrolysis: T =
450 ◦C G =
5 ◦C/min t =
1.5 h 

Washing 
with HCl 
solutions and 
distilled 
water 

C = 2–50 
mg/L 
D = 0.6 g/L 
pH = 5 
t = 48 h 
T = 20 ◦C 

Cu(II) 
Zn(II) 

PSO Lang. 
Freun. 

3.9 
9.1 

Cation exchange 
(dominant) 
Precipitation 
Complexation 

[83] 

Fast pyrolysis: 
T = 450 ◦C 

Cu(II) 
Zn(II) 

25.7 
44.2 

85% of Sludge from 
an industrial 
WWTP and 15% of 
a filter cake, 
Belgium 

– Slow 
pyrolysis: T =
450 ◦C G =
5 ◦C/min t =
1.5 h 

Cu(II) 
Zn(II) 

41.7 
38.2 

Fast pyrolysis: 
T = 450 ◦C 

Cu(II) 
Zn(II) 

21.8 
69.0 

Sludge 
from a WWTP in 
Beijing, China, 

– T = 900 ◦C 
fast pyrolysis 
t = 20 min 

– C = 200 mg/ 
L 
D = 2 g/L 
pH = 5.7 
t = 24 h 
T = 25 ◦C 

Cr(III) – – 22.3 Surface 
precipitation 
and cation 
exchange 

[84] 
Cr(VI) – – 6.5 

C = 200 mg/ 
L 
D = 2 g/L 
pH = 4 
t = 24 h 
T = 25 ◦C 

Cd(II) – – 42.8 Precipitation 
and cation 
exchange 

[85] 

– T = 500 ◦C 
fast pyrolysis 
t = 20 min 

C = 50 mg/L 
D = 2 g/L 
pH = not 
adjusted 
t = 4 h 
T = 25 ◦C 

Cd(II) – – 5.0 Precipitation 
and cation 
exchange 

[86] 

Sludge from a 
municipal WWTP 
in 
Guangzhou, China 

– T = 300 ◦C G 
= 20 ◦C/min 
t = 2 h 

– C = 5–200 
mg/L 
D = 2 g/L 
pH = 5 
t = 24 h 
T = 25 ◦C 

Pb(II) PSO Lang. 12.6 Cationic exchange 
Complexation 
Precipitation 

[36] 

T = 400 ◦C G 
= 20 ◦C/min 
t = 1 h 

15.3 

T = 400 ◦C G 
= 20 ◦C/min 
t = 2 h 

18.2 

T = 500 ◦C G 
= 20 ◦C/min 
t = 1 h 

16.6 

T = 500 ◦C G 
= 20 ◦C/min 
t = 2 h 

15.4 

T = 600-◦C G 
= 20 ◦C/min 
t = 1 h 

12.4 

T = 600-◦C G 
= 20 ◦C/min 
t = 2 h 

12.8 

Sludge from a WWTP 
in Guangzhou, 
Guangdong, China 

– T = 600 ◦C G 
= 10 ◦C/min 
t = 3 h 

– C(Pb) = 30 
mg/L 
C(Cr) = 15 
mg/L 

Cr(VI) 
Pb(II) 

PSO – 3.4 
2.3 

Precipitation 
Complexation 
Cation exchange 

[87] 

– PFO – 

(continued on next page) 

S. Jellali et al.                                                                                                                                                                                                                                   



Renewable and Sustainable Energy Reviews 144 (2021) 111068

7

Table 3 (continued ) 

Sludge provenance Pre-treatment Pyrolysis 
conditions 

Post- 
treatment 

Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated sorption 
mechanism 

Ref. 

D = 1.5 g/L 
pH = 4 
t = 30 min 

Mixture with 
Starch at a 
dose of 50:2 
(sludge/ 
starch) 

Cr(VI) 
Pb(II) 

19.8 
9.1 

Precipitation 
Complexation 
Cation exchange 
Reduction 

Sludge from a 
municipal WWTP 
in Guangzhou, 
China 

– T = 400 ◦C G 
= 20 ◦C/min 
t = 2 h 

– D = 1 g/L 
pH = 5 
t = 24 h 
T = 25 ◦C 

Pb(II) PSO Lang. 40.8 Complexation 
Precipitation 

[88] 

Cr(VI) PSO Lang. 24.4 Reduction, 
complexation and 
precipitation 

C = 0.1–30 
mg/L 
D = 2 g/L 
pH = 6 
t = 24 h 
T = 25 ◦C 

As(III) PSO Freun. 6.04 Ligand exchange 
with hydroxyl 
groups 

[89] 

Sludge from the 
municipal WWTP, 
Chania, Greece 

– T = 300 ◦C G 
= 17 ◦C/min 
t = 1 h 

– C = 90–850 
mg/L 
D = 4 g/L 
pH = 6.7–7 
t = 24 h, 
Ambient T 

As(V) 
Cr(III) 
Cr(VI) 

PSO Freun. 13.4 
94.3 
64.1 

Electrostatic 
attraction 
precipitation 

[90] 

Sludge from urban 
WWTP, 
Guangdong, China 

– T = 500 ◦C G 
= 5 ◦C/min t 
= 4 h 

– C = 20–200 
mg/L 
D = 1 g/L 
pH = 3 
t = 20 h 
T = 25 ◦C 

Cu(II) – Lang. 3.2 Complexation 
Cation exchange 
Electrostatic 
attraction 

[91] 

Dewatered sludge 
from urban WWTP 
Qinhuangdao, 
China 

Mixing with 
dolomite at a 
ratio of 1:1 
(Mass) 

T = 800 ◦C, G 
= 5 ◦C/min t 
= 2 h 

– C = 25–175 
mg/L 
D = 1.2 g/L 
pH = 4.5 
t = 3 h 
T = 25 ◦C 

P-PO4 PSO Lang. 29.2 Electrostatic 
attraction 
precipitation 

[92] 

Sludge from 
municipal WWTP, 
Baoding, China 

– T = 300 ◦C, G 
= 5 ◦C/min 
Then, T =
600 ◦C 
G = 10 ◦C/ 
min t = 2 h 

– C = 50 mg/L 
D = 2 g/L 
t = 36 h 
Ambient T 

NH4 

PO4 

– 
PSO 

– 0.6 
50.0 

For NH4, mainly 
complexation 
For P, mainly 
electrostatic 
attraction, 
complexation, 
precipitation 

[93] 

Mixing with 
walnut shell at 
a ratio of 3:1 
(sludge/ 
walnut shell) 

NH4 

PO4 

PSO 
– 

2.3 
~41.5 

Mixing with 
walnut shell at 
a ratio of 1:1 

NH4 

PO4 

– 
– 

~1.8 
~38.5 

Mixing with 
walnut shell at 
a ratio of 1:3 

NH4 

PO4 

– 
– 

~0.9 
~27.5 

Anaerobically 
digested sludge 
from a municipal 
WWTP, Alberta, 
Canada 

– T = 450 ◦C G 
= 5 ◦C/min t 
= 2 h 

– C = 2–80 
mg/L 
D = 10 g/L 
t = 24 h 
T = 20 ◦C 

N–NH4 PSO Lang. 1.5 Diffusion 
Electrostatic 
attraction 
Complexation 

[94] 

Organics 
Mixture of sludge 

from the WWTP of 
Wuhan and rice 
husk biomass 
(ratio = 1:1) 

– T = 500 ◦C G 
= 7 ◦C/min t 
= 2 h 

– C = 50–300 
mg/L 
D = 1 g/L 
pH = 6-7 
t = 24 h 
T = 25 ◦C 

Direct Red 4BS PSO Lang. 59.8 Complexation, 
Electrostatic 
attraction 
π-π stacking 
interaction 

[95] 
Acid Orange II 38.5 
React Blue 19 42.1 
Methylene 
Blue 

22.6 

Sludge from urban 
WWTP, China 

– T = 550 ◦C G 
= 10 ◦C/min 
t = 2 h 

– C = 50–500 
mg/L 
D = 6 g/L 
pH =
natural, t =
24 h 
T = 25 ◦C 

Methylene blue PSO Lang. 24.1 Electrostatic 
attraction 
Cation exchange 
Complexation 
n- π conjugate 
action 

[96] 

Sludge from 
municipal WWTP, 
Bangkok, Thailand 

– T = 350 ◦C G 
= 20 ◦C/min 
t = 30 min 

– C = 10–750 
mg/L 
D = 3 g/L 
pH = natural 
t = 48 h 

Acid yellow 49 
(AY), 
Basic blue 41 
(BB), Reactive 
red 198 RR) 

– Lang. 12.7 
212.8 
12.7 

Electrostatic 
attraction 
Cationic exchange 
(BB) 

[97] 

T = 450 ◦C AY 
BB 
RR 

26.3 
222.2 
14.1 

(continued on next page) 
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was imputed mainly to the existing mineral contents in the SDBs which 
contribute to Pb(II) retention by cation exchange process and also pre
cipitation as cerussite (PbCO3), hydrocerussite (Pb3(CO3)2(OH)2), and 
pyromorphite (Pb5(PO4)3Cl). Ho et al. [81] studied the feedstock role in 
removing six individual heavy metals. These authors produced six bio
chars derived from waste-activated-sludge (WAS) and 
anaerobically-digested-sludge (ADS) using pyrolysis process at 400, 600 
and 800 ◦C. They found that the highest removal capacities of Pb(II), Cd 
(II), Cu(II), Zn(II), Ni(II), and Cr(VI) correspond to the biochar of ADS 
generated at 600 ◦C. These findings were attributed to the higher pH 
value and mineral contents especially Al, Ca, Fe, K, Mg, and P of the 
ADS. In particular, it was proved that more than 86% of Pb(II) removal 
occurs through metal ion exchange and precipitation with minerals 
[81]. Agrafioti et al. [90] confirmed these findings when a SDB rich in 
CaO (17.4%), Fe2O3 (12.5%), and Al2O3 (5.3%) was used for Cr(III) and 
Cr(VI) removal [90]. Accordingly, this SDB successfully removed about 
94.3 mg g− 1 of Cr(III) and 64.1 mg g− 1 of Cr(VI), which are about 4.2 
and 9.9 times higher than the ones reported for another SDB having 
lower mineral contents [86] (Table 3). Moreover, Kalderis et al. [98] 
showed that higher Ca and K contents in SDBs from the pyrolysis of a 
mixture of sludge and wheat husks could promote 2,4 DCP adsorption 
[98]. 

On the other hand, the pyrolysis of aerobic (A) and anaerobic sludge 
(AN) under the same experimental conditions resulted in AN-SDBs with 
better physico-chemical properties compared to A-SDBs [101]. Under 
the same experimental conditions (initial Fe(III) concentration of 100 
mg/L; adsorbent dosage of 5 g/L and a pH of 2), Fe(III) removal effi
ciency was evaluated to 99.7% and 65.0% for the AN-SDBs and A-SDBs, 
respectively. Since the measured surface areas and micropore volumes 
were quite similar for both biochars (105 m2 g− 1 and 0.04 cm3 g− 1, and 
102 m2 g− 1 and 0.04 cm3 g− 1 for AN-SDBs and A-SDBs, respectively), 
these findings were linked to the existence of more functional groups at 
the surface of the AN-SDBs such as carboxylic acids and anhydrides, 
lactones, phenols, ethers, and quinines. 

For specific pollutants, such as N–NH4, it has been recommended to 
mix the sludge with lignocellulosic biomass (such as walnut shells (WS)) 
before their co-pyrolysis in order to produce SDBs with more developed 
porosity and higher surface area. In this context, Yin et al. [93] studied 
N–NH4 and P-PO4 removal from aqueous solutions by SDB generated 
from the slow pyrolysis of different ratios of mixed municipal sludge/WS 
(1:0; 3:1; 1:1 and 1:3) at 600 ◦C. The biochar surface area and micropore 
volume increased with the lignocellulosic fraction increase from 31.35 
m2 g− 1 and 0.0034 cm3 g− 1 (raw sludge only) to 122.89 m2 g− 1 and 
0.0297 cm3 g− 1 for a sludge/WS ratio of 1:3. Consequently, they 

reported an increase of N–NH4 adsorption from 0.62 mg g− 1 for the raw 
SDB to 2.31 mg g− 1 for the one derived from the co-pyrolysis of mixed 
sludge with WS at a ratio of 1:3 (Table 3). Contrary to N–NH4, the 
adsorption efficiency of P-PO4 increased with an increase in the sludge 
proportion. The highest adsorption capacity (49.95 mg g− 1) was 
observed for the biochar derived from the raw sludge. Since this biochar 
had the lowest surface area, they concluded that this parameter was not 
the major factor influencing P-PO4 adsorption. They attributed this 
behavior to the SDB richness in several metal elements (especially Ca, 
Mg, Al, and Fe) and various surface functional groups (mainly Si–O, 
Mg–O, and Al–O bonds) [93]. In the same context, Nielsen et al. [102] 
showed that the mix of raw anaerobic digested sludge with fish wastes at 
a ratio of 9:1 and their pyrolysis at 950 ◦C doubled the adsorption ca
pacity of carbamazepine (toxic pharmaceutical product). This behavior 
was attributed to the fact that fish wastes favor the presence of highly 
dispersed polar inorganic phase and carbon, providing more hydro
phobicity in micropores [102]. 

3.1.2. Effect of pyrolysis conditions 
The adsorption capacity of SDBs depends on pyrolysis conditions. It 

appears that compared to fast pyrolysis, slow pyrolysis induces the 
encapsulation of various exchangeable cations limiting their exchange 
with heavy metals contained in effluents [83]. Even if the SDBs pro
duced by slow or fast pyrolysis have relatively similar mineral contents, 
the cation exchange process between the Ca(II), Mg(II) and K(I) existing 
in the SDB from slow pyrolysis and Cu(II) and Zn(II) contained in syn
thetic solutions is very much limited [83]. For that reason, the adsorp
tion capacities of Cu(II) and Zn(II) by the SDBs generated from the fast 
pyrolysis were assessed to 25.7 and 44.2 mg g− 1 which are about 2.3 and 
1.7 times higher than the ones related to slow pyrolysis [83]. On the 
other hand, the use of the electromagnetic induction method (EMI), as a 
new, efficient, fast, and energy-saving heating method, for the produc
tion of SDBs seems to significantly impact the nature and contents of the 
formed functional groups [103]. Accordingly, the SDBs produced at 
500 ◦C, even if they have very low specific surface area and micropore 
volume (2.8 m2 g− 1 and 0.0014 cm3 g− 1, respectively), successfully 
removed 198.1 and 178.0 mg g− 1 of Pb(II) and Cd(II), respectively 
(Table 4). These spectacular removal capacities were attributed to the 
formation of abundant functional groups (due to EMI treatment) such as 
hydroxyl, aliphatic, amide, aromatic, and hetero-aromatic groups etc., 
that efficiently react with these two toxic metals. Furthermore, the ar
omatic carbon in the produced SDBs through the conversion of alkyl and 
O alkyl to aryl C provided π electron, which can efficiently bond with 
heavy metal cations. 

Table 3 (continued ) 

Sludge provenance Pre-treatment Pyrolysis 
conditions 

Post- 
treatment 

Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated sorption 
mechanism 

Ref. 

T = 550 ◦C AY 
BB 
RR 

45.4 
357.1 
15.2 

T = 650 ◦C AY 
BB 
RR 

65.6 
384.6 
17.5 

T = 750 ◦C AY 
BB 
RR 

71.4 
416.7 
18.9 

Mixture of paper 
sludge/wheat 
husks, Austria 

– T = 500 ◦C 
t = 20 min 

– C = 20–60 
mg/L 
D = 4 g/L 
pH = 2 
t = 3 h 
T = 55 ◦C 

2,4 DCP PSO Freun. 17.5 Electrostatic 
Interactions, pore- 
filling, hydrophobic 
forces, 

[98] 

Sludge from paper 
mill effluent 
treatment plant, 
India 

– T = 600 ◦C – C = 5–50 
mg/L 
D = 0.5 g/L 
T = 25 ◦C 

Pentachloro- 
phenol 

– Lang. 35.9 Ion exchange 
Pore filling 

[99] 
T = 700 ◦C 41.3  
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Table 4 
Effect of sludge modification on removing mineral and organic compounds from aqueous solutions (T = final pyrolysis temperature; G = pyrolysis gradient tem
perature; t = residence time; qmax: pollutant adsorption capacity; PFO: pseudo-first-order; PSO: pseudo-second-order; Lang.: Langmuir; Freun.: Freundlich).  

Sludge, 
provenance 

Pre-treatment Pyrolysis 
conditions 

Post-treatment Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated 
sorption 
mechanisms 

Ref. 

Minerals 
Aerobic Sludge 

from WWTP, 
region of 
Madrid, Spain 

– T = 450 ◦C 
G = 10 ◦C/min 
t = 1 h 

Physical 
activation with 
air for 4 h at 
275 ◦C 

C = 100 mg/ 
L 
D = 5 g/L 
pH = 2 
t = 1 h 

Fe(III) – – 13.0 – [101] 

Anaerobic Sludge 
from WWTP, 
region of 
Madrid, Spain 

19.9 

Sludge from 
WWTP in 
Wuhan, China 

– T = 700 ◦C 
G = 10 ◦C/min 
t = 1 h 

– C = 5–300 
mg/L 
D = 2 g/L 
pH = 7 
t = 24 h 
T = 22 ◦C 

Pb(II) PSO Lang. 7.6 Electrostatic 
attraction 
Precipitation 
Complexation 

[119] 
Physical 
activation with 
CO2 at 700 ◦C for 
1 h 

PSO 22.4 

Chemical 
activation with 
KOH: Ratio 
biochar/KOH =
1:2, then heating 
at 700 ◦C for 1 h 

PSO 57.5 

Chemical 
activation with 
CH3COOK: Ratio 
biochar/ 
CH3COOH = 1:2 
then heating at 
700 ◦C for 1 h 

PFO 47.6 

Sludge from a 
WWTP of a 
dairy industry, 
Amol, 
Iran 

Impregnation 
of sludge in 5 
M ZnCl2 

solution. Mass 
ratio Sludge/ 
ZnCl2 

solution =
1:3) 

T = 650 ◦C 
G = 10 ◦C/min 
t = 1 h 

– C = 50–250 
mg/L 
D = 3 g/L 
pH = 2 
t = 2 h 
T = 25 ◦C 

Cr(VI) PSO Freun. 72.8 – [110] 

Anaerobically 
digested sludge 
from a WWTP 
in Portugal 

– T = 650 ◦C 
G = 40 ◦C/min 
t = 30 min 

– C =
10–2000 
mg/L 
D = 10 g/L 
pH = 5 
t = 24 h 
T = 25 ◦C 

Hg(II) 
Pb(II) 
Cu(II) Cr(III) 

– Lang. 62.6 
27.4 
3.6 
5.6 

– [114] 

Impregnation 
in ZnCl2. Mass 
ratio = 1:1 

Hg(II) 
Pb(II) 
Cu(II) Cr(III) 

137.2 
33.0 
16.5 
2.2 

Sludge from a 
municipal 
WWTP, 
Changsha, 
china 

Impregnation 
with ZnCl2 

solution 

T = 850 ◦C 
G = −

t = −

washing with 
HCl solution 

C = 5–80 
mg/L D = 5 
g/L pH = 5.8 
t = 3 h 
T = room 
temperature 

Cd(II) 
Ni(II) 

– Lang. 16.7 
9.1 

Ion exchange [116] 

Aerobic granular 
sludge from a 
lab-scale SBR 

Impregnation 
of 10 g of 
sludge in 25 
mL of a ZnCl2 

solution (5 M) 

T = 600 ◦C 
G = −

t = 2 h 

Washing with 3 
M HCl solution 

C = 5–80 
mg/L D = 1 
g/L 
pH = 5 
t = 48 h 
T = 25 ◦C 

Cu(II) PSO Freun. 18.5 Precipitation 
Complexation 
Cation 
exchange 

[115] 

Sludge from a 
municipal 
WWTP in 
Tianjin, China  

Heating/ 
pyrolysis with a 
microwave (9.6 
kW) T = 700 ◦C 
G = 6.5 ◦C/min 
t = 20 min 

– C = 10–160 
mg/L 
D = 2 g/L 
pH = 5 
t = 1 h 
T = 20 ◦C 

Pb(II) 
Cu(II)  

Lang. 41.0 
31.7 

Complexation 
Precipitation 
Cation 
exchange 

[106] 

Impregnation 
with KOH 
solution. Mass 
ratio sludge/ 
KOH = 1:0.1 

Heating/ 
pyrolysis with a 
microwave (8 
kW) T = 600 ◦C 
G = 6.5 ◦C/min 
t = 20 min 

Washing with 3 
M HCl 

Pb(II) 
Cu(II)  

49.7 
42.0 

Impregnation 
with H3PO4 

solution 

Pb(II) 
Cu(II)  

55.9 
46.3 

Impregnation 
with ZnCl2 

Pb(II) 
Cu(II)  

47.4 
37.4 

(continued on next page) 
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Table 4 (continued ) 

Sludge, 
provenance 

Pre-treatment Pyrolysis 
conditions 

Post-treatment Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated 
sorption 
mechanisms 

Ref. 

solution. Mass 
ratio sludge/ 
ZnCl2 =

1:0.15 
Sludge from 

textile 
Treatment 
Plant in Denizli, 
Turkey 

Impregnation 
with KOH. 
Mass ratio =
1:1 

T = 500 ◦C 
G = −

t = 1 h 

Washing with 
HCl solutions 
and drying 

C = 10–90 
mg/L D =
6.67 g/L pH 
= 6 
t = 1 h 
T = 40 ◦C 

Sr(II) – Freun. 138.9 Ion exchange [113] 

Sludge from a 
municipal 
WWTP in 
Madrid, Spain 

– T = 450 ◦C 
G = 3 ◦C/min 
t = 1 h 

– C Na(I) =
10,500 mg/ 
L 
C K(I) = 380 
mg/L 
C Ca(II) =
450 mg/L 
C Mg(II) =
1350 mg/L 
D = 5 g/L 
pH = −

t = 3 h 
T = −

Na(I) 
K(I) 
Ca(II) 
Mg(II) 

–  1612.4 
50.2 
28.1 
115.7 

Cation 
exchange 
Complexation 

[107] 

Impregnation 
in H2SO4 

solution. 
Ratio Sludge/ 
H2SO4 = 1:1 
(M/V) 

Na(I) 
K(I) 
Ca(II) 
Mg(II) 

1462.9 
43.9 
9.9 
121.1 

Sludge from a 
municipal 
WWTP, china 

Impregnation 
with H2SO4 
solution 40%. 
Ratio sludge/ 
solution = 1:1 
(M/V) 

T = 500 ◦C 
G = −

t = 30 min 

– C = 25–240 
mg/L D =
1.4 g/L pH 
= 1 
t = 10 h 
T = 25 ◦C 

Cr(VI) PSO Lang. 59.5 Electrostatic 
attraction 
Complexation 

[109] 

Sludge from 
Taiping 
municipal 
WWTP in 
Harbin, China 

– T = 600 ◦C 
G = 15 ◦C/min 
t = 90 min 

– C = 100 mg/ 
L D = 1 g/L 
t = 8 h T =
ambient 

Cd(II) 
Pb(II) 
Cu(II) 
Ni(II) 
Zn(II) 

– – ~15 
~31 
~8 
~14 
~9  

[59] 

Pretreatment 
with 
persulfate- 
Zero-Valent 
Iron 

– Cd(II) 
Pb(II) 
Cu(II) 
Ni(II) 
Zn(II) 

PSO – 33.9 
50.0 
36.8 
29.5 
30.1 

Electrostatic 
attraction 
Ion exchange 
Pollutant 
Reduction by 
the nZVI 
Complexation 

Dewatered sludge 
from a 
Municipal 
WWTP in 
Wuhan, China 

– T = 400 ◦C 
G = −

t = 2 h 

Coating of 
Carboxymethyl 
Chitosan onto 
the produced 
biochar 

C =
20–1500 
mg/L 
D = 0.6 g/L, 
pH = 3 (Hg 
(II)) pH = 5 
(Pb(II)) t =
24 h 
T = 30 ◦C 

Hg(II) 
Pb(II) 

PSO 
PSO 

Lang. 769.2 
239.2 

Complexation [121] 

Sludge from 
urban WWTP, 
Beijing, China 

– T = 500 ◦C 
G = −

t = 1 h 

– C =
10–2000 
mg/L 
D = 1 g/L 
pH = 5.5 
t = 24 h 
T = 30 ◦C 

Cu(II) PSO Sips 34.2 Complexation 
with –OH 

[122] 

Amino- 
functionalization 

74.5 Complexation 
with -NH2 

Dewatered 
Sludge from a 
municipal 
WWTP, Wuhan, 
china 

– Electromagnetic 
induction T =
500 ◦C t = 30 
min 

– C = 10–320 
mg/L 
D = 5 g/L 
pH = 7 
t = 6 h 
T = 20 ◦C 

Pb(II) 
Cd(II) 

PFO Lang. 198.1 
178.0 

Complexation [103] 

Sludge from 
urban WWTP, 
Wisconsin, USA 

– T = 450 ◦C 
G = −

t = 1.5 h 

Activation with 
KOH 2 N 

C = 650 mg/ 
L D = 10 g/L 
pH = −

t = 24 h 
T = −

N–NH4 – – 5.3 – [123] 

Anaerobically 
digested sludge 
from WWTP, 
England 

– T = 550 ◦C 
G = −

t = −

– C = 50 mg/L 
D = 50 g/L 
pH = −

t = 48 h 
T = 25 ◦C 

P-PO4 – – 0.7 Electrostatic 
attraction 
Complexation 
precipitation 

[104] 
Activation with 
CO2 at 800C   

1.2 

T = 700 ◦C 
G = −

t = −

–   0.5 

(continued on next page) 
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Table 4 (continued ) 

Sludge, 
provenance 

Pre-treatment Pyrolysis 
conditions 

Post-treatment Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated 
sorption 
mechanisms 

Ref. 

Anaerobically 
digested sludge 
from a 
municipal 
WWTP, Iran 

Impregnation 
with CaCl2 

solutions 

T = 700 ◦C 
G = −

t = 3 h 

– C = 30–600 
mg/L D = 2 
g/L 
pH = 7 
t = 24 h 
T = 25 ◦C 

P-PO4 PSO Lang. 153.9 Diffusion 
Complexation 

[105] 

Organics 
Primary sludge 

from a paper 
mill industry, 
Portugal 

– T = 800 ◦C 
G = 10 ◦C/min 
t = 10 min 

– C = 10–20 
mg/L 
D = 0.075 
for raw, 
KOH and 
NaOH 
biochars and 
0.2 g/L for 
ZnCl2 

biochar t =
8 h 
T = 25 ◦C 

Fluoxetine-HCl PSO Zhu-Gu 120.4 electrostatic 
interactions 

[124] 

Impregnation 
with KOH. 
Mass ratio =
1:1 

Zhu-Gu 191.6 π-π interaction 

Impregnation 
with NaOH. 
Mass ratio =
1:1 

Zhu-Gu 136.6 π-π interaction 

Impregnation 
with ZnCl2. 
Mass ratio =
1:1 

Sips 29.6 electrostatic 
interactions 

Dewatered sludge 
from a WWTP 
of a 
petrochemical 
industry, 
Taiwan 

Impregnation 
in ZnCl2 

solution (1 M) 

T = 500 ◦C 
G = 15 ◦C/min 
t = 30 min 

Washing with 
HCl solution (3 
N) 

C = 30–80 
mg/L D =
0.05 g/L pH 
= 7 
t = 20 days 
T = 30 ◦C 

Orange II 
Chrysophenine 

– Lang. 350.0 
190.0 

– [120] 

Dewatered sludge 
from WWTP in 
Guangzhou, 
China 

Impregnation 
of 40 g of 
sludge in 100 
mL of citric 
acid (2 M) and 
ZnCl2 (0.5 M) 

T = 500 ◦C 
G = 20 ◦C/min 
t = 1 h 

Washing with 
HCl solution 

C = 0.5–50 
mmol/L 
D = 1 g/L 
pH = 4 
t = 6 h 
T = 25 ◦C 

4- 
Hydroxybenzoic 
acid phenol, 
benzoic acid, 
4-chlorophenol  

Lang. 258.0 
130.6 
266.8 
256.2 

pore-filling, 
hydrophobic 
interactions 

[125] 

Aerobic granular 
sludge from a 
lab-scale SBR 

Impregnation 
of 10 g of 
sludge in 25 
mL of ZnCl2 

solution (5 M) 

T = 650 ◦C 
G = 5 ◦C/min 
t = 2 h 

Washing with 3 
M HCl solution 

C = 20–500 
mg/L D =
0.5 g/L pH 
= 6 
t = 5 h 
T = 25 ◦C 

Methylene blue PSO Lang. 323.7 Complexation [11] 

Aerobic sludge 
from a 
municipal 
WWTP in 
Jinan, China 

144.8 

Biochemical 
sludge from a 
WWTP, China 

Activation for 
2 h with a 
mixture of 5 
M ZnCl2 and 
5 M H2SO4 

with a ratio 
ZnCl/H2SO4 

= 1:2 (V/V). 
Ratio Solid/ 
liquid = 1:2.5 
(M/V) 

T = 550 ◦C 
G = 5 ◦C/min 
t = 2 h 

Washing with 3 
M HCl solution 

Real 
wastewater. 
COD =
302.4 mg/L 
P-PO4 =

19.7 mg/L 
D = 5 g/L 
pH = 8.5 
t = 10 min T 
= ambient 

Organics 
P-PO4 

– – 47.8 
3.9 

– [40] 

Surplus sludge 
from a WWTP, 
China 

Organics 
P-PO4 

41.3 
3.8 

Biochemical 
sludge from a 
petrochemistry 
company 

Organics 
P-PO4 

45.7 
3.9 

Sludge from a 
WWTP, 
Grenada, Spain 

– T = 700 ◦C 
G = 10 ◦C/min 
t = 3 h 

– t = 8 days 
T = 25 ◦C 

Tetracycline 
2,4 DCP 
MB 
Cd 

– Lang. 366.7 
29.3 
204.7 
32.6 

π-π interaction 
Electrostatic 
attraction 
Complexation 
Ion exchange 
(Cd(II)) 

[39] 

Impregnation 
of 100 g of 
sludge with 
50 g of NaOH 

Tetracycline 
2,4 DCP 
MB 
Cd(II) 

1248.9 
55.4 
518.2 
59.6 

Impregnation 
of 100 g of 
sludge with 
25 g of NaOH 
and 20 g of 
humic acid 

Tetracycline 
2,4 DCP 
MB 
Cd(II) 

906.7 
26.1 
156.8 
54.0 

Impregnation 
of 100 g of 
sludge with 
25 g of NaOH 
and 20 g of 
clay 

Tetracycline 
2,4 DCP 
MB 
Cd(II) 

768.9 
42.4 
262.3 
66.3 

Impregnation 
of 100 g of 

Tetracycline 
2,4 DCP 

711.1 
47.3 

(continued on next page) 
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Table 4 (continued ) 

Sludge, 
provenance 

Pre-treatment Pyrolysis 
conditions 

Post-treatment Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated 
sorption 
mechanisms 

Ref. 

sludge with 
25 g of NaOH 
and 20 g of 
phenolic resin 

MB 
Cd(II) 

483.1 
54.0 

Sludge from 
domestic 
WWTP in 
Beijing, China 

– T = 600 ◦C 
G = − t = 1 h 

– C = 40–400 
mg/L 
D = 1 g/L 
pH = −

t = 24 h 
T = 25 ◦C 

Cationic red 
XGRL 

PSO Lang. 42.2 Electrostatic 
attraction 
Chemical 
adsorption 

[126] 
pH 
adjustment to 
12 by NaOH 
(10 M) +
thermal 
treatment at 
175 ◦C for 30 
min 

47.1 

Sludge from the 
urban WWTP in 
Harbin, China 

– T = 600 ◦C 
G = 5 ◦C/min 
t = 1 h 

– C = 10–50 
mg/L (RhB) 
C = 20–150 
mg/L 
(phenol) 
D = 1 g/L 
pH = −

t = 1 h 
T = 25 ◦C 

Rhodamine B 
(RhB) 
Phenol 

PSO Lang. 27.7 
51.0 

– [67] 

impregnation 
with NaOH then 
pyrolysis again 
at T = 600 ◦C 
G = 5 ◦C/min 
t = 2 h 

RhB 
Phenol 

35.1 
96.2 

Sludge from 
domestic 
WWTP, Spain 

– T = 625 ◦C 
G = 40 ◦C/min 
t = 30 min 

– C =
100–1000 
mg/L, D = 5 
g/L 
pH = − , t =
25–300 min, 
T = 25 ◦C 

Crystal violet 
(CV) 
Indigo carmine 
(IC) 
Phenol (P) 

– Freun. 184.7 
30.8 
5.6 

– [108] 

Impregnation 
with H2SO4 

1:1 (mass 
ratio) 

CV 
IC 
P 

270.9 
54.4 
29.5  

Sludge from an 
industrial 
WWTP, Mexico 

– T = 500 ◦C 
t = 60 min 

Impregnation 
with HCl 
solution (10%) 
at 20 ◦C for 8 h 

C =
100–1000 
mg/L, 
D = 10 g/L, 
pH = 6.5, t 
= 40 h, T =
30 ◦C 

Indigo Carmin PFO Lang. 92.83 Physical 
adsorption 

[127] 

Sludge from a 
paper mill, 
Taiwan 

– T = 600 ◦C 
G = 20 ◦C/min 
t = 1 h 

Impregnation 
with 1 M HCl 
solution 

C =
1200–2100 
mg/L (MB) 
C =
500–1200 
mg/L (PR), 
D = 1 g/L, 
pH = 7.5 
(MB) and 
3.5 (PR), t =
4 h, T =
30 ◦C 

MB 
Procion Red MX- 
5B (PR) 

PSO 
PSO 

Lang. 119.0 
65.8 

π-π interaction 
Electrostatic 
attraction 

[112] 

Sludge from a 
domestic 
WWTP, Wuhan, 
China, 

– T = 800 ◦C 
t = 2 h 

Magnetization 
through adding 
of SrCO3, HCl, 
FeCl3 and NaOH. 
Then, pyrolysis 
at 800C for 2 h 

C = 50–700 
mg/L, D = 1 
g/L, pH = 7, 
t = 4 h, T =
room 
temperature 

Malachite green PSO Lang. 404.9 – [128] 

Paper and pulp 
sludge from a 
paper mill, 
Zimbabwe 

– T = 750 ◦C 
t = 2 h 

– C = 50–250 
mg/L, 
D = 7.5 g/L, 
pH = 2, t =
1 h, T =
25 ◦C 

Methyl orange PSO Freun. 22.0 Electrostatic 
attraction 
Complexation 
π-π stacking 
interaction 

[117] 

Impregnation 
with FeCl3 

solution 1:3 
(M/V)  

C = 50–250 
mg/L, D = 5 
g/L, pH =

Lang. 46.6 

(continued on next page) 
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On the other hand, the impact of pyrolysis temperature on the 
adsorption properties of SDBs has been investigated [14,58,86,89,102]. 
Generally, the increase in temperature results in a significant increase in 
carbon content, specific surface areas, porosity (total pore volume, 
micropore volume, and average pore width), alkalinity, aromaticity, and 
in the same time in a non-negligible decrease of its polarity, hydrophi
licity and surface functional groups due to more losses of O and H 
compounds [15,33]. The importance of the role played by each 
parameter cited above depends not only on the raw sludge character
istics and the nature of target pollutants but also on biochar production 
conditions. In this context, increasing the temperature from 500 to 
900 ◦C for the fast pyrolysis of urban sludge increased the Cd(II) 
adsorption from about 5.0 to 42.8 mg g− 1 [85,86]. This was mainly due 
to the improved physico-chemical properties of the produced biochar at 
a higher temperature. Indeed, the biochar produced at 900 ◦C has a 
specific surface area of 67.6 m2 g− 1, a pore volume of 0.099 cm3/g and a 
CEC of 247.51 cmol/kg, which are about 165.9%, 75.7% and 222.5% 
higher than those measured for the biochar produced at 500 ◦C. Besides, 
it appears that the increase of fast pyrolysis temperature transforms the 
contained minerals into more leachable forms. Indeed, Chen et al. [85, 
86] showed that for an initial Cd(II) concentration of 175 mg/L in the 
aqueous solution, the released Ca(II) concentrations were relatively 
negligible for the biochar produced at 500 ◦C and more than 55 mg/L for 
the one produced at 900 ◦C. Moreover, Nielsen et al. [102] showed that 
increasing pyrolysis temperature from 650 to 950 ◦C of a mixture of 
anaerobically digested sludge/fish wastes at various mass ratios (50:50; 
75:25; 90:10) resulted in a better porosity development and a higher 
surface area. The adsorbed amounts of carbamazepine by the biochars 
produced at 950 ◦C are 2–8 times higher than the ones observed for 
those produced at 650 ◦C. Finally, the more alkaline biochars produced 
at higher pyrolysis temperatures led to a greater lead cations precipi
tation. These combined reasons made the produced SDB at a tempera
ture of 900 ◦C about ten times more efficient than a commercial 
activated carbon in removing Cd(II) from aqueous solutions [102]. 
Similar behavior was reported by Jindarom et al. [97], who showed that 
the increase of pyrolysis temperature of an urban sludge from 350 to 
700 ◦C increased the adsorption capacities of three dyes by about 462%, 
96%, and 49% (Table 3). This behavior was imputed to the increase of 
the surface area by a factor of more than 2.4. Likewise, when studying 
triclosan removal by a HCl-pre-treated SDB, Tong et al. [14] found that 
the related efficiency gradually increased with the increase of pyrolysis 
temperature from 300 to 800 ◦C. Moreover, the reported removal effi
ciency of the biochar produced at 800 ◦C was even higher than a com
mercial activated carbon. 

It is essential to underline that even if the increase of pyrolysis 
temperature and residence time improved the SDBs specific surface 
areas, the removal efficiency of some chemicals was on the contrary 
decreased as reported for Pb(II) [36], As(III) [89], P-PO4 [104], and 

N–NH4 [94]. This behavior was related to the loss of oxygen-containing 
surface functional groups and C graphitization due to the deoxygenation 
and dehydrogenation of sludge with the increase of the pyrolysis tem
perature. Consequently, for efficient removal of P-PO4 by SDBs, Melia 
et al. [104] recommended, for instance, the mixing of the raw sludge 
with Ca/Mg-rich materials such as dolomite [92] or its impregnation 
with CaCl2 or MgCl2 solutions [105] instead of increasing pyrolysis 
temperature [104]. 

3.1.3. Effect of modification of raw sludge or its derived biochar 
Various methods have been used for the modification of raw sludge 

and SDBs in order to improve their texture and surface chemistry for 
better adsorption capacity. These methods include physical and/or 
chemical, thermal processes and the SDB-based composites’ production 
through their embedding with different materials [33,70,92]. 

3.1.3.1. Physico-chemical activation. Physical activation involves steam, 
CO2, O2 or their mixture at relatively high temperatures (usually higher 
than 700 ◦C) [33]. Chemical activation involves the impregnation of the 
raw sludge or the SDBs with various chemical agents such as KOH, 
NaOH, K2CO3, H3PO4, H2SO4, HCl or ZnCl2 followed by a thermal 
treatment at moderate temperature (400–500 ◦C). These methods 
generally result in the creation of interconnecting micropores network, 
well-developed surface area, and oxygen-containing functional groups 
onto which pollutants could be physically and/or chemically adsorbed. 
The main parameters influencing the characteristics of modified bio
chars and ultimately their efficiency in removing pollutants are the 
activating physical/chemical agent’s type and dose and the activation 
temperature [33,35]. 

Studies related to sludge’s physical activation have been carried out 
by using CO2 as an activation agent [44,104]. In this context, CO2 
activation was operated for 20 min at 800 ◦C for biochars prepared from 
an anaerobically digested sludge pyrolysis at 550 ◦C [104]. This process 
increased the surface area and total pore volume by about 5.9 and 1.5 
times, respectively, resulting in increased P-PO4 removal efficiency from 
0.74 to 1.15 mg g− 1. Besides, Zhang et al. [44] activated SDBs generated 
at 700 ◦C using CO2 at the same temperature and a residence time of 1 h. 
They showed that compared to the non-activated SDB, the BET surface 
area of post-activated SDB increased significantly from 81.4 to 239.8 m2 

g− 1, and Pb(II) removal capacity by a factor of about 3 (Table 4). 
However, this Pb(II) removal capacity was lower than that observed 
after chemical activation by KOH or CH3COOH, as shown in Table 4 
[44]. On the other hand, Méndez et al. [101] investigated the use of 
physically activated SDBs generated from the pyrolysis of five anaerobic 
and five aerobic sludge at a temperature of 450 ◦C for Fe(III) removal 
from aqueous solutions. They proved that the activation process with air 
at a temperature of 275 ◦C for 4 h significantly improved the structure 
and texture of the biochars generated from both types of sludge. In 

Table 4 (continued ) 

Sludge, 
provenance 

Pre-treatment Pyrolysis 
conditions 

Post-treatment Adsorption 
conditions 

Pollutant Kinetic 
model 

Isotherm qmax 
(mg/ 
g) 

Dominated 
sorption 
mechanisms 

Ref. 

12, t = 1 h, 
T = 25 ◦C 

sludge from 
WWTP in 
Lanzhou, 
China. 

Impregnation 
of 10 g of 
sludge in 100 
mL ZnCl2 (2 
M). 

T = 500 ◦C 
G = 10 ◦C/min 
t = 2 h 

Coating with Fe/ 
S nanoparticles 

C =
100–1000 
mg/L, D = 2 
g/L, pH = 3, 
t = 4 h, T =
25 ◦C 

Tetracycline PSO Lang. 174.1 pore filling, 
π-π stacking, 
hydrogen 
bonding 
interaction, 
ion exchange, 
complexation, 
electrostatic 
attraction 

[129] 

Impregnation 
with KOH. 
Mass ratio 
sludge/KOH 
= 2:1 

Coating with Fe/ 
Cu nanoparticles 

C =
100–1500 
mg/L, D = 5 
g/L, pH = 4, 
t = 4 h, T =
25 ◦C 

387.0 [130]  
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particular, the physically activated SDB from the anaerobic sludge had 
the highest BET surface area (105 m2 g− 1) and micro-porosity (0.04 cm3 

g− 1) and permitted a quasi-complete removal of Fe(III) from aqueous 
solutions for an initial Fe(III) concentration of 100 mg/L, an adsorbent 
dosage of 5 g/L and a pH of 2 [101]. 

The chemical activation of SDBs has been carried out with different 
compounds including acids such as H3PO4 [106], H2SO4 [107–109], HCl 
[110–112], alkaline solutions of KOH [113], NaOH [39], and metal salts 
such as ZnCl2 [40,110,114–116] and FeCl3 [117]. The chemical acti
vation aims to increase the microporosity and surface area of biochars, 
and create various oxygenated functional groups that could act as proton 
donating exchange sites where various pollutants could be chemically 
adsorbed [118]. Finally, the impregnation of raw sludge with metal salts 
before pyrolysis has also been pointed out as a promising method pro
ducing highly efficient nano-metals-supported-biochars [118]. Indeed, 
the deposited metal ions from the solutions onto the surface or interior 
of feedstocks during the impregnation step will be converted to metal 
oxide nanoparticles such as MgO, MnO2, Fe2O3, Al2O3, or zero-valent 
metals on the surface of the biochar. These nanoparticle-supported 
biochars retain various chemicals, especially those negatively charged 
such as P-PO4 and N–NO3 [92]. 

It is important to underline that the chemical modification of raw 
sludge or SDBs has mainly been applied using ZnCl2 and KOH as acti
vation agents [113–115]. These two reagents could induce significant 
increase in the surface area and micro-porosity of the SDBs and conse
quently their capacities to remove heavy metals and dyes. Fig. 2 shows 
the effect of various chemical modifications on SDBs surface area and 
their efficiencies in removing Pb(II) from aqueous solutions. It can be 
clearly seen that Pb(II) removal efficiency depends not only on the na
ture of the activating agent but also on its used concentration or dosage. 

The maximal surface area ratios (modified/raw SDBs) were assessed 
to 11.2 and 7.9 for KOH [119] and ZnCl2 [114], respectively. The KOH 
activation was performed through pyrolysis of the biochar mixed with 
KOH at a mass ratio of 1:2 (biochar-sludge/KOH) at 700 ◦C for 1 h. The 
same activation protocol with CH3COOK resulted in a surface area in
crease ratio of 7.5 [119]. However, the physical activation of this ma
terial by CO2 for 1 h at 700 ◦C increased its specific area by a factor of 
only 2.9. Lead removal efficiency increased from 7.6 (non-activated 
biochar) to 22.4, 47.6, and 57.5 mg g− 1 for SDBs activated with CO2, 
CH3COOK and KOH respectively [119]. However, the activation of 
sludge collected from a Portuguese WWTP with ZnCl2 at an equal mass 
ratio (1:1) followed by pyrolysis at 650 ◦C resulted in lower Pb(II) 
removal capacity (33 mg g− 1) [114]. For an initial pH of 5, the removal 
efficiencies of Hg(II) and Cu(II) by activated SDB reached relatively high 
values of 137.2 and 16.5 mg g− 1 which were about 119.1%, and 358.3% 

greater than the ones measured for non-activated biochar. Besides, Wei 
et al. [115] studied the adsorption of Cu(II) by a biochar derived from an 
activated aerobic granular municipal sludge [115]. The collected raw 
sludge was firstly activated with ZnCl2 (5 M) for 24 h at a dose of 400 g/L 
(mass ratio of 1:1.7 (raw sludge/ZnCl2)) and then carbonized at 650 ◦C. 
The relatively high ZnCl2 concentration resulted in a very porous SDB 
with a high surface area of 1175 m2 g− 1. For an initial pH of 5, the 
highest calculated adsorption capacity of Cu(II) was 18.5 mg g− 1, which 
is slightly higher than those reported by Otero et al. [114] (16.5 mg g− 1, 
Table 4) for an activated SDB with a surface area of 472 m2 g− 1. Lower 
surface area of 760 m2 g− 1 was obtained by Gorzin and Ghoreyshi [118] 
even if their SDB was generated from a pre-treated aerobically digested 
activated sludge of a dairy industry (Iran) with 5 M ZnCl2 (mass ratio of 
sludge/ZnCl2 = 1:3) that was pyrolyzed at 650 ◦C [110]. For an adsor
bent dose of 3 g/L and an initial pH of 2, the adsorption capacity of Cr 
(VI) by this SDB was estimated to 72.8 mg g− 1. This adsorption capacity 
is about 3 times higher than an untreated biochar produced from a 
dewatered urban sludge at 400 ◦C for 2 h and having a surface area of 
23.7 m2 g− 1 [88]. A relatively important specific surface area of an 
activated SDB with 5 M ZnCl2 (ratio sludge/ZnCl2 = 1/2.5) of 905.1 m2 

g− 1 was reported by Ding et al. [11]. The application of this activated 
SDB for methylene blue (MB) removal from aqueous solutions showed 
high adsorption capacity (324 mg g− 1), which is about 13.5 times higher 
than the non-activated SDB [96]. Moreover, Hsiu-Mei et al. [120] 
studied the adsorption of Orange II dye by a ZnCl2-activated SDB for 24 
h in comparison with a commercial activated carbon. Even if the surface 
area of the SDB (737 m2 g− 1) was about 12.5% lower, it exhibited 52.1% 
higher adsorption capacity than the activated carbon. This behavior was 
explained by the presence on the SDB of various functional groups such 
as carboxylic, lactonic and phenolic groups as well as larger pore size 
distribution [120]. 

On the other hand, Lin et al. [106] compared the efficiency of SDBs 
produced by activation of sludge with various agents including an acid 
solution (H3PO4), an alkaline solution (KOH), and a metal salt (ZnCl2) 
for Cu(II) and Pb(II) removal from aqueous solutions [106]. The mass 
ratios of reactant/sludge varied between 0.1 and 0.15 to 1. For a py
rolysis temperature of 600 ◦C, the measured BET surface areas and “total 
pore volume” were consequently relatively low (130.7, 118.3, and 
104.5 m2 g− 1 and “0.13”, “0.1” and “0.1” cm3 g− 1 after activation with 
KOH, H3PO4, and ZnCl2, respectively). The highest Pb(II) adsorption 
capacity (55.9 mg g− 1) was observed for the SDB activated with H3PO4 
and was mainly attributed to the introduction of more acidic functional 
groups (especially carboxyl) on the SDBs’ surface. It is worth mentioning 

Fig. 2. Impact of the used chemical activator agent on the SDBs surface area 
and Pb(II) removal capacity [87,106,114,119]. 

Fig. 3. Comparison between the efficiencies of SDBs treated with nano- 
composite coating (NCC) or physico-chemical activation (PCA) on heavy 
metal removal from aqueous solutions [39,83,87,92,103,110,111,114–116, 
119,121,122]. 
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that even if the surface area of the H3PO4-activated SDB was relatively 
low (118.3 m2 g− 1), its Pb(II) adsorption capacity was quite similar to 
the one assessed by Zhang et al. [119] for a KOH-activated SDB with a 
much higher surface area of 908 m2 g− 1. It is 1.2, 1.7, and 2.5 times 
higher than those obtained for SDB activated with CH3COOH [119], 
ZnCl2 [114], and CO2 [119] having surface areas of 611.2, 472.0, and 
239.8 m2 g− 1, respectively (Fig. 3). This finding confirms that Pb(II) 
removal by SDBs depends not only on their surface areas but also on 
several other parameters, including the nature and content of surface 
functional groups and the mineral composition. 

It is worth mentioning that SDBs activation with NaOH (mass ratio of 
2:1 (sludge/NaOH)) permits significant removal capacities for various 
pollutants (antibiotic: tetracycline (TC); pesticide: 2,4 dichlorophenol 
(2,4 DCP), MB dye, and Cd(II)) [39]. Indeed, even if this alkaline acti
vation had moderately increased its specific surface area (from 47 to 
139 m2 g− 1) and micro-porosity (from 0.02 to 0.06 cm3 g− 1), the sorp
tion capacities of the activated SDBs reached 1249, 55, 518 and 60 mg 
g− 1 for TC; 2,4 DCP, MB and Cd(II), respectively. These capacities are 
4.1, 1.9, 2.5, and 1.8 times higher than those of the non-activated 
sludge. This increase was due to a combined effect of the biochar 
structure and texture improvement and the increase of basic surface 
functional groups content. 

Conversely, HCl is generally used as a post-treatment for SDBs [2,39, 
112]. It appears that the efficiency of the activated SDB depends 
significantly on HCl concentration. As such, using 10% HCl solution to 
treat a biochar derived from a Mexican industrial sludge at 500 ◦C 
resulted in a specific surface area and total pore volume of 100 m2 g− 1 

and 0.0552 cm3 g− 1, respectively [111]. Consequently, this activated 
SDB removed only 15.1 mg g− 1 of Cd(II) from aqueous solutions. 
However, the activation with 1 M HCl of paper mill SDB at 600 ◦C 
resulted in a higher surface area (194 m2 g− 1), which is 14.6 times 
higher than the non-activated SDB [112]. The activation operation was 
also accompanied by a drastic decrease of CaO and MgO contents from 
30.9% and 16.4% to only 0.27% and 2.89%. This activation significantly 
increased the MB and Procion Red MX-5B (PR) adsorption from 29.38 
and 19.15 mg g− 1 to 115.7 and 51.6 mg g− 1, respectively. On the other 
hand, the use of H2SO4 as a pre-treatment of raw municipal sludge 
(Spain) at a ratio of 1:1 followed by pyrolysis at 625 ◦C induced better 
porosity development than HCl [108]. This activation increased the 
surface area from 80 to 390 m2 g− 1. Moreover, the adsorption capacities 
of crystal violet, indigo carmen and phenol increased from 184.7, 30.8, 
and 5.6 mg g− 1 by 47%, 77%, and 427%, respectively [108]. 

Concerning nutrients, the removal efficiency of N–NH4 from aqueous 
solutions seems to be highly affected by SDBs activation procedure. In 
this regard, Carey et al. [123] activated sludge with KOH solution (1 N) 
at a mass ratio sludge/KOH of 1:2.5 followed by pyrolysis at 450 ◦C 
[123]. The resultant SDB had low specific surface area (15 m2 g− 1) but 
was about ten times more effective in removing N–NH4 from aqueous 
solutions (5.3 mg g− 1) than a commercial activated carbon. Moreover, 
Yu and Zhong [40]studied the efficiency of various activated SDBs to 
remove P and organics from wastewaters. Three sludge of different or
igins were used: a biochemical sludge (BS), a surplus sludge from an 
urban WWTP (SS), and a biochemical sludge from the petrochemical 
industry (petrochemistry sludge, PS). They tested different activating 
agents including ZnCl2, H2SO4, KOH and FeSO4. They found that the 
best SDB properties were obtained by activation with a mixture of 5 M 
ZnCl2 and 5 M H2SO4 with a ratio ZnCl2/H2SO4 = 1:2 (v/v). The 
sludge/activating-agent ratio was fixed to 1:2.5 (m/v). The specific 
surface areas and the total pore volume of the SDBs generated at 550 ◦C 
of BS, SS and PS were 114.5, 144.5, and 129.0 m2 g− 1; 0.07, 0.05 and 
0.06 cm3 g− 1, respectively. The application at a dosage of 5 g/L for the 
removal of COD and “P” from real wastewaters at initial concentrations 
of 302.4 and “19.7” mg L− 1, respectively reach removal efficiency yields 
of about 79%, 76% and 66% and “98%, 98% and 93%” for the SDBs 
generated from BS, PS and SS, respectively. These yields are much 
higher than those registered for a commercial activated carbon: 41% and 

9% for COD and P, respectively. 

3.1.3.2. Embedding with specific materials (biochar-based composites). 
Recently, SDB-based nanocomposites have been pointed out as prom
ising adsorbents for wastewater treatment [118]. The SDB-based 
nanocomposites synthesis is based on combining SDB with nano
materials to obtain metal-oxide biochars, magnetic biochars and bio
chars coated with nanoparticles. This procedure creates new functional 
groups on the SDBs surfaces that did not naturally exist on the biochar or 
the feedstock surface [15,118]. These surface functional groups exploit 
the magnetic separation capabilities, and/or catalytic properties for the 
degradation and treatment of various pollutants [131]. The SDB-based 
nanocomposites generally adsorb specific chemicals present in com
plex wastewater effluents such as PO4

3− , NO3
− and AsO4

3− , usually 
negligibly retained by raw biochars [132], and can reduce specific heavy 
metals in stable forms such as PbO. In this context, a magnetic biochar 
was produced by treating a dewatered sludge with zero-valent iron 
(ZVI)-activated persulfate and a heating step at 600 ◦C in order to 
remove heavy metals from aqueous solutions [80]. They showed that the 
surface of the non-treated biochar was smooth and clean. However, the 
nZVI-SDB was homogeneously covered with high amounts of irregular 
nanoparticles (NPs) with an average dimension of 20–50 nm, which may 
be attributed to both nZVI and iron oxides. Compared to the raw biochar 
and for an initial concentration of 100 mg/L, this modification enabled 
the adsorption capacities of Cd(II), Pb(II), Cu(II), Ni(II), and Zn(II) to 
reach 33.9, 50.0, 36.8, 29.5 and 30.1 mg g− 1. These removal efficiencies 
were about 126%, 61%, 360%, 111% and 234% higher than the raw 
sludge, respectively. Besides, Diao et al. [87] showed that for initial Cr 
(VI) and Pb(II) concentrations of 30 and 15 mg/L, pH of the liquid 
medium of 4, a fixed dosage of 1.5 g/L of a mixture 
sludge/starch-derived biochar (MSSDB) at 600 ◦C and a MSSDB on 
which nanoscale zero-valent iron was immobilized (MSSDB-nZVI), these 
two materials removed about 30.0% and 98.8% of Cr(VI) and 40% and 
91% of Pb(II), respectively. The higher removal efficiencies observed for 
MSSDB-nZVI compared to MSSDB were attributed to the combination of 
adsorption and reduction processes of Pb(II) to PbO and Cr(VI) to Cr(III), 
and then to Cr2O3 and Cr(OH)3. However, the corresponding Pb(II) 
removal capacity (9.1 mg g− 1) was significantly lower than the one re
ported by Chen et al. [80]. It might be mainly due to the lower aqueous 
Pb(II) concentration and also smaller deposited amounts of ZVI on the 
biochars’ surface. On the other hand, Chaukura et al. [117] synthesized 
a Fe2O3-biochar nano-composite from the impregnation of pulp and 
paper sludge by FeCl3 and a pyrolysis temperature of 750 ◦C [117]. 
Despite the decrease in the surface area from 174 to 15 m2 g− 1, the 
removal capacity of methyl orange by the nano-composite SDB was 
assessed to 46.6 mg g− 1, which is about 112% higher than the 
non-modified SDB. This improvement in adsorption was attributed to: i) 
the lower pHPZC of the nano-composite SDB (2.1) compared to the 
non-modified SDB (8.3), and ii) the presence of higher contents of Fe on 
the nano-composite SDB (22.6%). Moreover, Zhang et al. [128] studied 
malachite green (dye) removal by a magnetized SDB synthetized by 
assembling strontium hexaferrite (SrFe12O19) onto the surface of the raw 
biochar (RB) under high temperature (800 ◦C) [128]. The highest mal
achite green adsorption capacity by this biochar was estimated to 404.9 
mg g− 1 at a mass ratio of RB and SrFe12O19 of 3:4, an adsorbent dosage 
of 2 g/L and a neutral pH. Moreover, Ma et al. [129] demonstrated that 
the combination of municipal sludge activation with ZnCl2 at 500 ◦C and 
its coating with Fe/S nanoparticles efficiently removed tetracycline from 
aqueous solutions with an adsorption capacity of 174.1 mg g− 1. This 
capacity is three times higher than the sludge activated solely with ZnCl2 
[129]. The activation of the same sludge with KOH at 500 ◦C followed by 
coating with Fe/Cu nanoparticles allowed a tetracycline adsorption 
capacity of 387 mg g− 1 [130]. This capacity is higher than various tested 
adsorbents. 

On the other hand, the specific functionalization of SDB has been 
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considered a promising method for the removal of specific pollutants. 
Therefore, various coatings have been applied for SDBs [121,122]. For 
instance, Tang et al. [122] carried out an amino-functionalization 
(-NH2) of a biochar produced from the pyrolysis of a dewatered sludge 
at 500 ◦C [122]. This modification consisted in the combination of 
sol-gel process for mesoporous silica coating and silylation. This 
amino-functionalized biochar exhibited high Cu(II) adsorption capacity 
(74.5 mg g− 1), which is two times higher than the unmodified biochar 
(Fig. 3). This Cu(II) removal enhancement has been imputed to the 
grafted amine functional groups adhered to the mesoporous silica 
skeleton and specifically complexed with Cu(II). Indeed, even if this 
modified SDB has relatively low surface area (63 m2 g− 1), its Cu(II) 
removal capacity was about 2.6 and 2.9 higher than two ZnCl2-activated 
SDBs having higher surface areas of 1175.1 and 472.0 m2 g− 1, respec
tively [114,115] (Fig. 3). Furthermore, Ifthikar et al. [121] studied 
carboxymethyl chitosan (CMC) coating of a dewatered SDB at 400 ◦C 
[121]. They observed that the modified SDB (with a mass ratio 
CMC/sludge of 2:1) had relatively high C and N contents of 28.9% and 
3.2%, respectively. These values were about 2.4 and 1.7 higher than the 
non-modified SDB. This is because CMC is a carbon skeleton polymer 
with an important ratio of hydroxyl and amino-functional groups. Even 
if modification with CMC significantly decreased the surface area and 
the pore volume of the SDB from about 41.0 to 2.4 m2 g− 1 and from 
0.1164 cm3 g− 1 to 0.0186 cm3 g− 1, the average pore width of the 
modified sludge (31.6 nm) was about 2.8-fold larger than the original 
biochar. Furthermore, the FTIR analysis of the modified SDB showed 
abundant functional groups such as –COOH, –OH and –NH2 on its sur
face, which led to exceptional lead and mercury removal efficiency. 
Indeed, their adsorption capacities reached 239 and 769 mg g− 1 for Pb 
(II) and Hg(II), respectively (Fig. 3). 

Regarding phosphorus removal from aqueous solutions, raw SDBs 
exhibited low P-PO4 adsorption capacities [40,104]. The pre-treatment 
of these raw sludge with materials or solutions rich in Ca and Mg allows 
higher P-PO4 removal efficiencies [92,105]. Li et al. [92] demonstrated 
that biochar generated from the pyrolysis at 800 ◦C of a raw sludge 
mixed with dolomite (at a ratio of 1:1) permits the removal of 29 mg g− 1 

P-PO4 (Fig. 4) [92]. This adsorption capacity increased to 153.9 mg g− 1 

(not reported in Fig. 4 because the surface area of this SDB was not 
assessed) when the raw anaerobically digested sludge was mixed with a 
synthetic solution of CaCl2 and then pyrolyzed at 600 ◦C for 3 h [105]. 

3.2. Adsorption mechanisms 

Identifying adsorption mechanisms is a major challenge to recognize 

the interactions at the adsorbent/adsorbate interface [133]. It is 
particularly important since mechanisms identification in pollutant 
adsorption can facilitate the desorption process optimization [37,134]. 
Therefore, several studies have focused on the determination of 
adsorption mechanisms and different interactions have been identified. 
These interactions depend particularly on the adsorbent properties, 
pollutants nature and adsorption conditions [133]. The identified in
teractions include precipitation (surface precipitation), ion exchange, 
surface complexation with functional groups, electrostatic interactions, 
direct reduction (in the presence of a reductant like nZVI), hydrogen 
bonding, physical/chemical adsorption, etc. A visual representation of 
these interactions is provided in Fig. 5. 

The adsorption/removal of metal ions can be associated to electro
static attraction, surface complexation, precipitation, ion-exchange, 
oxidation, and reduction [37]. However, the extent of these 

Fig. 4. Comparison between the efficiency of SDBs treatment by nano- 
composite coating (NCC: CaO) and physico-chemical activation (PCA) on 
N–NH4 and P-PO4 removal from aqueous solutions [40,92,93,104,105]. 

Fig. 5. A brief summary of mechanisms involved in the adsorption of toxic 
metals (a) and organic contaminants (b) onto biochar. Reproduced with 
permission from Ref. [131]. 
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interactions could vary depending on the metal ion and biochar prop
erties. For example, Lu et al. [135] demonstrated that Pb(II) sorption 
onto SDBs primarily involved surface complexation by organic func
tional groups (contributing 38–42% of the total Pb(II) sorption) and 
complexation by mineral components or co-precipitation releasing Ca 
(II) and Mg(II) (accounting for 58–62%). Similar mechanisms for Pb(II) 
sorption (complexation by minerals and organic functional groups, 
co-precipitation and/or cation exchange) have been proposed [36]. Ho 
et al. [81] used diverse techniques (FTIR, ICP, XRD, XPS and SEM-EDX) 
to explore Pb(II) adsorption mechanisms and proposed electrostatic 
attraction, ion exchange, surface complexation, and precipitation as the 
potential pathways. Biochar surface functional groups have also prom
inent interactions with metal ions like surface complexation, ion ex
change and electrostatic interaction [58]. These interactions dictate 
changes in biochar structure and functional groups which are recorded 
by comparing biochar characteristics before and after adsorption [81]. 
Similarly, Iftikhar et al. [121] reported that the adsorption of Pb(II) or 
Hg(II) significantly shifts the characteristics FTIR bands of carbox
ymethyl chitosan-coated biochar due to their attachment with –COOH, 
–NH2, and –OH functional groups evidencing the complexation and 
ionic bonds [121]. For Cd(II) adsorption onto municipal sewage sludge, 
surface precipitation of insoluble Cd compounds (Cd(OH)2 (s)) in alka
line conditions and cation exchange were proposed as the major 
adsorption routes with a small contribution of organic functional groups 
[58]. The XPS findings by Zhang et al. [89] suggested that As(III) 
adsorption on SDBs proceeds through ligand exchange (with hydroxyl 
groups on biochar surface), which dominates over electrostatic in
teractions (based on experiments at varying pH and ionic strengths) 
[89]. 

It has also been found that biochar modification enhances its prop
erties and adsorption capacity. For example, Zhang et al. [119] modified 
the biochar by physical (CO2) and chemical (CH3COOK or KOH) acti
vations. They reported that activation by CH3COOK or CO2 improved 
the oxygen-containing functional groups to a greater extent compared to 
KOH. However, KOH activation increased the surface area of biochar 
and ultimately improved the Pb(II) adsorption as physical adsorption 
dominated. Similarly, higher adsorption of Cu(II) on amine-grafted SDBs 
was associated with the presence of amine group (metal-preferred 
ligand) that improved the tetrahedral complexation with Cu(II) [122]. 

Studies exploring the inclusion of nZVI (nano zero-valent iron) in 
biochar-based adsorbents reported metal removal enhancement while 
highlighting the vital role of reduction [80,87]. It should be noted that 
magnetic adsorbents could facilitate their recovery and reuse owing to 
their magnetic characteristics. Chen et al. [80] associated Pb(II) removal 
by magnetic biochar to the following four mechanisms: electrostatic 
interactions, surface complexation, ion exchange, and reduction of Pb2+

directly by nZVI or by Fe(II) formed from nZVI. Diao et al. [87] evalu
ated the use of nZVI-immobilized SDBs for simultaneous removal of Pb 
(II) and Cr(VI). Their findings pointed out that the role of reduction was 
prominent for Cr(VI) (that was reduced to Cr(III)) whereas Pb(II) was 
removed mainly by adsorption with little contribution of reduction. The 
coexistence of Pb(II) and Cd(II) in another study illustrated the 
competitive advantage of Pb(II) over Cd(II) because functional groups 
on biochar surface were preferentially occupied by Pb(II) through inner 
surface complexation [82] due to the higher affinity of Pb(II) [136]. 

Reduction (in adsorption-coupled reduction) has been proposed as 
the prominent mechanism for the removal of Cr(VI) based on analyses of 
residual Cr species (Cr(VI) and Cr(III) in aqueous solution and XPS 
findings [36]. It is noteworthy that adsorption mechanisms for both Cr 
species were reported to be different by Yuan et al. [58]. They showed 
that Cr(III) adsorption involved cation exchange and precipitation of Cr 
(OH)3, whereas these two interactions were less relevant for Cr(VI). 
Moreover, organic functional groups showed limited contribution in 
adsorption of Cr(III) [58]. It should be noted that Cr(VI) can be directly 
reduced by its contact with the electron-donor groups of biochar and the 
resultant Cr(III) ions adsorb on biochar by surface complexation, ion 

exchange or precipitation [88]. Cr(VI) can also be indirectly reduced 
first by its binding to the positively-charged organic functional groups 
on biochar surface followed by its reduction by adjacent electron-donor 
groups and ultimate surface complexation of Cr(III) [88]. These authors 
concluded that sorption of humic acids on biochar offered additional 
surface sites for inner-sphere complexation and reduction. 

Reaction mechanisms have been found to be different for organic 
pollutants. In general, organic pollutants adsorption using SDBs has 
been linked to various mechanisms including electrostatic interaction, 
hydrogen bonding, hydrophobic effect, pore filling, etc. (Fig. 5) [13,37, 
73,88,89,133,134]. For example, Fan et al. [96] associated the adsorp
tion of MB with the coexistence of different mechanisms including 
electrostatic attraction, hydrogen bonding and interactions, and ion 
exchange [96]. Similarly, electrostatic attractions were proposed as the 
potential pathway for MB adsorption based on FTIR spectra that high
lighted changes and shifting in negative carboxyl groups after pollutant 
adsorption on biochars derived from various sources [11]. For instance, 
thermal-alkaline pretreatment of sewage sludge improved the adsorp
tion capacity of cationic red X-GRL on biochar but had a little impact on 
the adsorption mechanism as suggested by adsorption kinetics and iso
therms [91]. Physical and chemical adsorption was confirmed, whereas 
chemisorption was found to be the rate-limiting step [91]. On the other 
hand, Tong et al. [13] showed that the involved mechanisms during 
micropollutants removal by SDBs depend on these pollutants’ polarity. 
Indeed, the neutral compounds (17 β-estradiol, 17 α-ethynylestradiol, 
and triclosan) were mainly removed through hydrophobic interactions. 
However, polar contaminants such as benzyldimethyldecylammonium 
chloride and carbamazepine were mainly removed through weak in
teractions with the more polar amorphous moieties on the SDBs surface. 

4. Conclusions and future research directions 

This review proves that sewage sludge is a promising feedstock for 
producing efficient and cost-effective biochars to treat both urban and 
industrial wastewaters. This efficiency is intimately linked to the 
sludge’s nature and the SDBs physico-chemical properties, which are 
very dependent on synthesis conditions. Due to their intrinsic compo
sition, the digested sludge-derived biochars exhibit better nutrients and 
heavy metals adsorption capacities than the non-digested ones. These 
nutrient recovery efficiencies could be significantly improved if the raw 
sludge is mixed with lignocellulosic biomasses, especially natural Mg/Ca 
rich materials such as dolomite. 

For high removal efficiencies, the pyrolysis conditions of sludge 
should be meticulously chosen depending on the nature and properties 
of target pollutants. Indeed, besides the specific surface area and 
microporosity development, the presence of specific nanomaterials and 
adapted functional groups on the surface of the SDBs can be of great 
interest. In general, the higher is the pyrolysis temperature, the better 
are SDBs physico-chemical characteristics and ultimate sorption prop
erties. However, to acquire more important adsorption capacities for 
various organic and inorganic pollutants, physical and chemical modi
fication are highly rewarding. In contrast to physical activation, the 
chemical activation of sludge by using specific alkali metals hydroxide 
reagents (KOH), metal salts (ZnCl2) and acids (H3PO4) is very effective 
in producing SDBs with distinguished physico-chemical characteristics. 
For chemical reagents/sludge ratios >2:1, the modified SDBs exhibit 
higher adsorption capacities for both inorganic and organic pollutants 
compared to several commercial activated carbons. For specific toxic 
pollutants such as dyes, heavy metals, and oxyanions, the related 
removal efficiencies could be significantly improved through the 
embedment/coating of SDBs with specific nanomaterials and tailored 
functional groups. Some SDB-based nanocomposites (e.g. magnetite 
SDBs) are efficient for toxic pollutants adsorption and could enhance 
their degradation and chemical reduction. 

Different research avenues regarding SDBs valorization as effective 
and low-cost adsorbents for urban and industrial wastewater treatment 
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should be explored in the future. These perspectives have to address:  

- The operating conditions optimization of the non-modified SDBs 
generated from the pyrolysis of raw and mixed sludge with Fe/Ca/ 
Mg materials during urban wastewater treatment. The main goal is to 
recover the contained nutrients (especially nitrogen, phosphorus and 
potassium) and to safely valorize these nutrient-enriched SDBs in 
agriculture. In this context, monitoring the release of these nutrients 
and undesirable compounds from these SDBs under different exper
imental conditions is urgently required. Understanding their effect 
on the physico-chemical, biological and hydrodynamic characteris
tics of amended soils and on plant growth would be of great interest.  

- The achievement of cost-effective modified SDBs for an efficient 
removal of both mineral and organic compounds from wastewater. 
In this context, two options should be explored. The first one is 
optimizing the sludge physico-chemical activation using a mixture of 
reagents, depending on the targeted pollutants. The second option 
concerns the exploitation of the high surface areas of raw SDBs to 
embed nano-composites. The adsorption process optimization by 
these modified SDBs should be performed by using innovative ap
proaches such as the “response surface methodology (RSM)”.  

- Exploiting the efficient SDBs use for pollutants removal from real 
effluents under dynamic conditions using laboratory columns and/or 
continuously renewed tank reactors. During these dynamic in
vestigations, it is essential to accurately assess the role of several 
parameters such as the residence time, the bed depth height of the 
raw/mixed SDBs with other materials, and the quality of the 
wastewater under realistic conditions. The numerical modeling with 
adapted empirical solutions and existing models for the prediction of 
pollutant breakthrough curves would contribute to the optimization 
of the dynamic adsorption process for an easy system up scaling.  

- A better assessment of the competitive sorption of various inorganic 
and organic pollutants in co-contaminated solutions using SDBs as 
adsorbents. The assessment of the competitive sorption of various 
organic/mineral pollutants contained in real urban or industrial 
wastewaters in the presence of, for instance, humic acids and organic 
matter is required.  

- The implementation of a sustainable management strategy for 
pollutant-loaded SDBs is crucial. This strategy should obey the cir
cular economy concept and will permit: i) an eco-friendly and low- 
cost regeneration and reuse of these SDBs in future adsorption cy
cles, ii) the recovery of the adsorbed chemicals and their reuse in 
industry as resources, and iii) the preservation of the environment 
against pollution. 

Finally, it is essential to reduce the energetic production cost of SDBs 
during the pyrolysis process through bio-oil and syngas valorization in 
the production plant. This energy economy will favor the widespread 
acceptance of this thermochemical conversion technology. 
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[108] Otero M, Rozada F, Calvo LF, Garcıá AI, Morán A. Elimination of organic water 
pollutants using adsorbents obtained from sewage sludge. Dyes Pigments 2003; 
57:55–65. 

[109] Xi X, Guo X. Preparation of bio-charcoal from sewage sludge and its performance 
on removal of Cr (VI) from aqueous solutions. J Mol Liq 2013;183:26–30. 

[110] Gorzin F, Ghoreyshi AA. Synthesis of a new low-cost activated carbon from 
activated sludge for the removal of Cr (VI) from aqueous solution: equilibrium, 
kinetics, thermodynamics and desorption studies. Kor J Chem Eng 2013;30: 
1594–602. 

[111] Gutiérrez-Segura E, Solache-Ríos M, Colín-Cruz A, Fall C. Adsorption of cadmium 
by Na and Fe modified zeolitic tuffs and carbonaceous material from pyrolyzed 
sewage sludge. J Environ Manag 2012;97:6–13. 

[112] Hu S-H, Hu S-C. Kinetics of ionic dyes adsorption with magnetic-modified sewage 
sludge. Environ Prog Sustain Energy 2014;33:905–12. 

[113] Kaçan E, Kütahyalı C. Adsorption of strontium from aqueous solution using 
activated carbon produced from textile sewage sludges. J Anal Appl Pyrol 2012; 
97:149–57. 

[114] Otero M, Rozada F, Morán A, Calvo LF, García AI. Removal of heavy metals from 
aqueous solution by sewage sludge based sorbents: competitive effects. 
Desalination 2009;239:46–57. 

[115] Wei D, Ngo HH, Guo W, Xu W, Du B, Khan MS, et al. Biosorption performance 
evaluation of heavy metal onto aerobic granular sludge-derived biochar in the 
presence of effluent organic matter via batch and fluorescence approaches. 
Bioresour Technol 2018;249:410–6. 

[116] Zhai Y, Wei X, Zeng G, Zhang D, Chu K. Study of adsorbent derived from sewage 
sludge for the removal of Cd2+, Ni2+ in aqueous solutions. Separ Purif Technol 
2004;38:191–6. 

[117] Chaukura N, Murimba EC, Gwenzi W. Synthesis, characterisation and methyl 
orange adsorption capacity of ferric oxide–biochar nano-composites derived from 
pulp and paper sludge. Appl Water Sci 2017;7:2175–86. 

[118] Liu Y, Ran C, Siddiqui AR, Siyal AA, Song Y, Dai J, et al. Characterization and 
analysis of sludge char prepared from bench-scale fluidized bed pyrolysis of 
sewage sludge. Energy 2020;200:117398. 

[119] Zhang J, Shao J, Jin Q, Li Z, Zhang X, Chen Y, et al. Sludge-based biochar 
activation to enhance Pb(II) adsorption. Fuel 2019;252:101–8. 

[120] Hsiu-Mei C, Ting-Chien C, San-De P, Chiang H-L. Adsorption characteristics of 
Orange II and Chrysophenine on sludge adsorbent and activated carbon fibers. 
J Hazard Mater 2009;161:1384–90. 

[121] Ifthikar J, Jiao X, Ngambia A, Wang T, Khan A, Jawad A, et al. Facile one-pot 
synthesis of sustainable carboxymethyl chitosan – sewage sludge biochar for 
effective heavy metal chelation and regeneration. Bioresour Technol 2018;262: 
22–31. 

[122] Tang S, Shao N, Zheng C, Yan F, Zhang Z. Amino-functionalized sewage sludge- 
derived biochar as sustainable efficient adsorbent for Cu(II) removal. Waste 
Manag 2019;90:17–28. 

[123] Carey DE, McNamara PJ, Zitomer DH. Biochar from pyrolysis of biosolids for 
nutrient adsorption and turfgrass cultivation. Water Environ Res 2015;87: 
2098–106. 

[124] Jaria G, Calisto V, Gil MV, Otero M, Esteves VI. Removal of fluoxetine from water 
by adsorbent materials produced from paper mill sludge. J Colloid Interface Sci 
2015;448:32–40. 

[125] Kong L, Xiong Y, Sun L, Tian S, Xu X, Zhao C, et al. Sorption performance and 
mechanism of a sludge-derived char as porous carbon-based hybrid adsorbent for 
benzene derivatives in aqueous solution. J Hazard Mater 2014;274:205–11. 

[126] Xiao B, Dai Q, Yu X, Yu P, Zhai S, Liu R, et al. Effects of sludge thermal-alkaline 
pretreatment on cationic red X-GRL adsorption onto pyrolysis biochar of sewage 
sludge. J Hazard Mater 2018;343:347–55. 

[127] Gutiérrez-Segura E, Solache-Ríos M, Colín-Cruz A. Sorption of indigo carmine by 
a Fe-zeolitic tuff and carbonaceous material from pyrolyzed sewage sludge. 
J Hazard Mater 2009;170:1227–35. 

[128] Zhang J, Liu M, Yang T, Yang K, Wang H. A novel magnetic biochar from sewage 
sludge: synthesis and its application for the removal of malachite green from 
wastewater. Water science and technology : J Int Assoc Water Pollut Res 2016;74: 
1971–9. 

[129] Ma J, Zhou B, Zhang H, Zhang W. Fe/S modified sludge-based biochar for 
tetracycline removal from water. Powder Technol 2020;364:889–900. 

[130] Ma J, Zhou B, Zhang H, Zhang W, Wang Z. Activated municipal wasted J Int Assoc 
Water Pollut Resbiochar supported by nanoscale Fe/Cu composites for 
tetracycline removal from water. Chem Eng Res Des 2019;149:209–19. 

[131] Tan X, Liu Y, Zeng G, Wang X, Hu X, Gu Y, et al. Application of biochar for the 
removal of pollutants from aqueous solutions. Chemosphere 2015;125:70–85. 

[132] Haddad K, Jellali S, Jeguirim M. Ben Hassen Trabelsi A, Limousy L. Investigations 
on phosphorus recovery from aqueous solutions by biochars derived from 
magnesium-pretreated cypress sawdust. J Environ Manag 2018;216:305–14. 

[133] Tong Y, McNamara PJ, Mayer BK. Adsorption of organic micropollutants onto 
biochar: a review of relevant kinetics, mechanisms and equilibrium. Environ Sci: 
Water Res Technol 2019;5:821–38. 

[134] Zhang C, Zeng G, Huang D, Lai C, Chen M, Cheng M, et al. Biochar for 
environmental management: mitigating greenhouse gas emissions, contaminant 
treatment, and potential negative impacts. Chem Eng J 2019;373:902–22. 

[135] Lu H, Zhang W, Yang Y, Huang X, Wang S, Qiu R. Relative distribution of Pb2+
sorption mechanisms by sludge-derived biochar. Water Res 2012;46:854–62. 

[136] Ajmal Z, Usman M, Anastopoulos I, Qadeer A, Zhu R, Wakeel A, et al. Use of 
nano-/micro-magnetite for abatement of cadmium and lead contamination. 
J Environ Manag 2020;264:110477. 

S. Jellali et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1364-0321(21)00356-7/sref90
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref90
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref90
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref91
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref91
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref92
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref92
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref92
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref93
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref93
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref93
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref94
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref94
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref94
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref94
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref95
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref95
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref95
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref95
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref96
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref96
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref96
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref96
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref97
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref97
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref97
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref98
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref98
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref98
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref98
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref99
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref99
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref99
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref99
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref100
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref100
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref100
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref101
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref101
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref101
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref102
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref102
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref102
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref103
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref103
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref103
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref104
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref104
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref104
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref105
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref105
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref105
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref105
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref106
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref106
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref106
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref107
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref107
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref107
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref108
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref108
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref108
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref109
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref109
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref110
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref110
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref110
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref110
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref111
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref111
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref111
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref112
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref112
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref113
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref113
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref113
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref114
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref114
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref114
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref115
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref115
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref115
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref115
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref116
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref116
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref116
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref117
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref117
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref117
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref118
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref118
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref118
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref119
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref119
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref120
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref120
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref120
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref121
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref121
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref121
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref121
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref122
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref122
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref122
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref123
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref123
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref123
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref124
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref124
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref124
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref125
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref125
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref125
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref126
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref126
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref126
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref127
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref127
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref127
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref128
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref128
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref128
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref128
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref129
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref129
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref130
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref130
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref130
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref131
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref131
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref132
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref132
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref132
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref133
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref133
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref133
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref134
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref134
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref134
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref135
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref135
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref136
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref136
http://refhub.elsevier.com/S1364-0321(21)00356-7/sref136

	Sludge-derived biochars: A review on the influence of synthesis conditions on pollutants removal efficiency from wastewaters
	1 Introduction
	2 Production and properties of sludge-derived biochars
	2.1 Raw sludge production, properties and management policy
	2.2 Sludge-derived biochars production
	2.3 Sludge-derived biochars characterization
	2.4 Impact of experimental conditions on sludge-derived biochars properties

	3 Use of sludge-derived biochars for wastewater treatment
	3.1 Factors influencing pollutants removal from wastewater by sludge-derived biochars
	3.1.1 Effect of sludge nature
	3.1.2 Effect of pyrolysis conditions
	3.1.3 Effect of modification of raw sludge or its derived biochar
	3.1.3.1 Physico-chemical activation
	3.1.3.2 Embedding with specific materials (biochar-based composites)


	3.2 Adsorption mechanisms

	4 Conclusions and future research directions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


