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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Adsorption from multicomponent CEC 
solution by three activated biochars was 
studied. 

• Biochar porosity and CEC hydrophobic-
ity both influenced the removal 
efficiency. 

• Predominantly microporous peach stone 
biochar showed the lowest overall 
capacity. 

• Hydrophilic CECs adsorbed best on ash- 
rich activated wheat straw biochars. 

• Adsorption of hydrophobic CECs was 
highest on activated softwood biochar.  
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A B S T R A C T   

Adsorption of six contaminants of emerging concern (CECs) – caffeine, chloramphenicol, carbamazepine, 
bisphenol A, diclofenac, and triclosan – from a multicomponent solution was studied using activated biochars 
obtained from three lignocellulosic feedstocks: wheat straw, softwood, and peach stones. Structural parameters 
related to the porosity and ash content of activated biochar and the hydrophobic properties of the CECs were 
found to influence the adsorption efficiency. For straw and softwood biochar, activation resulted in a more 
developed mesoporosity, whereas activation of peach stone biochar increased only the microporosity. The most 
hydrophilic CECs studied, caffeine and chloramphenicol, displayed the highest adsorption (22.8 and 11.3 mg 
g− 1) onto activated wheat straw biochar which had the highest ash content of the studied adsorbents (20 wt%). 
Adsorption of bisphenol A and triclosan, both relatively hydrophobic substances, was highest (31.6 and 30.2 mg 
g− 1) onto activated biochar from softwood, which displayed a well-developed mesoporosity and low ash content.   

1. Introduction 

Contaminants of emerging concern (CECs) are characterised by their 

ubiquity, persistence, and potential for, or established, risk to human 
health and the environment (Galindo-Miranda et al., 2019). The CECs 
observed in this study represent several different classes of compounds. 
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Chloramphenicol (an antibiotic), carbamazepine (an anticonvulsant) 
and diclofenac (a non-steroidal anti-inflammatory drug, or NSAID) 
represent commonly used pharmaceuticals (Patel et al., 2019). Bisphe-
nol A is a chemical widely used in plastic production (Suzuki et al., 
2004), whereas caffeine is a commonly consumed stimulant (Buerge 
et al., 2003) and triclosan is an antimicrobial disinfectant used in per-
sonal care products (Ebele et al., 2017). All these compounds are 
frequently found in water sources (surface, subsurface and ground wa-
ters) influenced by human activity and may adversely affect aquatic life 
and human health (Patel et al., 2019). 

Recent scientific research focuses on strategies for reducing CECs in 
wastewater effluents based on conventional and advanced treatment 
processes (Rizzo et al., 2019). One of the most commonly used methods 
for removing CECs from water is adsorption onto activated carbon (AC) 
(Mailler et al., 2016). ACs have many structural and morphological 
features that give them excellent adsorbent properties, such as a large 
specific surface area, high porosity, and reactive surface chemistry (Tan 
et al., 2017). 

However, AC production is costly, with the current price of 200 mesh 
AC powder ranging from 800 to 5000 United States dollars (USD) per 
tonne (Yunus et al., 2020). Furthermore, the most significant contrib-
utor to a negative environmental impact in AC production is the use of 
non-renewable feedstocks, including fossil coal. The activation process 
has a high energy demand (Bayer et al., 2005) and uses hazardous 
chemicals like potassium hydroxide (KOH) and phosphoric acid (H3PO4) 
(Sepúlveda-Cervantes et al., 2018). Physical activation usually occurs at 
temperatures between 800 ◦C and > 1000 ◦C in the presence of oxidizing 
gas compounds such as carbon dioxide or steam (Dalai & Azargohar, 
2007). Despite physical activation requiring high process temperatures 
and yielding lower carbon amounts than chemical activation, it has the 
advantage of avoiding the use of toxic and environmentally-damaging 
activation agents (Sajjadi et al., 2019) and could potentially use CO2 
produced from other industries. 

Several alternative low-cost carbon adsorbents based on renewable 
organic residues from agriculture and industry have been examined as 
possible replacements for fossil-based AC for water treatment (Thomp-
son et al., 2016). Biochar is a stable carbon material obtained by py-
rolysis, i.e. thermochemical conversion, of biomass in an oxygen-lean or 
oxygen-free atmosphere (Wang et al., 2020). Biochar reportedly adsorbs 
organic and inorganic pollutants (Tan et al., 2015). However, biochar 
typically has low porosity ranging from < 100 m2 g− 1 (Sajjadi et al., 
2019) up to 460 m2 g− 1 (Park et al., 2013), contrary to typical AC surface 
areas ranging between 500 and 1500 m2 g− 1, or even as high as 3000 m2 

g− 1 (Bernal et al., 2018). Therefore, the adsorption capacity and selec-
tivity of biochar are relatively low compared to other porous carbon 
materials (Ahmed et al., 2016). 

However, the use of materials with higher adsorption capacities 
proved an efficient means of reducing the overall environmental impacts 
of carbonaceous adsorbents (Kozyatnyk et al., 2020; Thompson et al., 
2016). Biochar activation using chemical and physical (Dalai & Azar-
gohar, 2007) methods can greatly enhance its specific surface area and 
pore volume and, thus, potentially the biochar adsorption capacity (Tan 
et al., 2017). Moreover, the use of locally or regionally available low- 
cost renewable feedstocks would likely be more advantageous from an 
economic and environmental perspective than conventional fossil-based 
adsorbents (Mohan et al., 2014). 

The physical and chemical properties of biochar depend on its source 
feedstock and processing conditions (Zhao et al., 2013), which are partly 
explained by the decomposition behaviour of the main biomass com-
ponents (cellulose, hemicellulose and lignin) during pyrolysis. Pyrolysis 
of hemicellulose and cellulose occurs quickly during the initial pyrolysis 
stages, with peak hemicellulose weight loss at 220 ◦C – 315 ◦C followed 
by cellulose degradation at 315 ◦C – 400 ◦C (Yang et al., 2007). Lignin, 
on the other hand, is more stable during pyrolysis, with weight loss 
occurring over a wide temperature range (from 160 ◦C to 900 ◦C) (Yang 
et al., 2007). Feedstock composition may also influence the chemical 

composition and morphology of activated biochar (Park et al., 2013; 
Rodriguez Correa et al., 2017; Tan et al., 2017; Zhao et al., 2013). 

This work aimed to study the influence of certain properties of CO2- 
activated biochar from three different lignocellulosic feedstocks on the 
removal of six CECs in multicomponent water. The activated biochar 
properties investigated were specific surface area, porosity, elemental 
composition, and proximate analysis, and the six CECs in the multi-
component water were chloramphenicol, carbamazepine, diclofenac, 
bisphenol A, caffeine, and triclosan. Understanding the performance of 
activated biochar as adsorbents for removal of priority CECs and any 
associations with the source feedstock composition and biochar pro-
duction conditions would allow further improvement of biochar sorp-
tion capacity and specificity. 

2. Materials and methods 

2.1. Feedstock selection and biochar preparation and activation 

The feedstocks selected for biochar preparation represent biomass 
assortments containing differing amounts of hexosans (mainly repre-
senting cellulose), pentosanes (mainly representing hemicellulose), and 
lignin (Table 1). Feedstock compositions were analysed for inherent 
amounts of lignin (Klason and acid soluble), lignocellulosic sugars 
(hexosans and pentosans), ash, and extractives by an external laboratory 
(Celignis Analytical, Limerick, Ireland). Softwood has high cellulose 
content (>45%), high total sugar content (59.5%) comprised mainly of 
hexosans (53.1% in whole biomass), and a lignin content of 26.9%. In 
contrast, peach stone biomass had high lignin content (44.8%) and 
limited total sugar contents (15.8% hexosans and 19.3% pentosans). The 
third feedstock, wheat straw, had the lowest lignin content (17.2%) and 
a total sugar content (58.4%) comparable to that of softwood but with a 
greater amount of pentosanes (22.2%). Moreover, wheat straw con-
tained higher amounts of extractives (9.7%) and ash (6.3%) than the 
other two feedstocks (6.3–6.9% of extractives and < 1% of ash). 

The wheat straw and softwood biochar were selected from the 
standard biochars produced at the UK Biochar Research Centre 
(UKBRC). These biochar materials were produced using a pilot-scale 
rotary kiln pyrolysis unit at 550 ◦C and 700 ◦C, respectively, at a heat-
ing rate of approximately 85 ◦C min− 1 and residence time at the highest 
treatment temperature (HTT) of approximately 5 min. The unit 
comprised a variable speed screw-feeder with an attached hopper, a 
sealed rotating drum (inner diameter 0.244 m, heated length 2.8 m) 
heated by a set of electric heaters arranged in three heater banks of 
16.67 kW each, a char handling screw conveyor, a collection vessel, and 
an afterburner chamber (Mašek et al., 2018). 

Fruit stones (189 g) were collected from peaches purchased from a 
local grocery store in Umeå, Sweden. The peach stones were crushed to a 
particle size < 1 cm and dried at 110 ◦C to a constant weight (140 g). The 
lignocellulosic composition of the peach stones feedstock (Table 1) fell 
within the range of compositional data reported in previous studies 
(Blasi et al., 2019; Li et al., 2018b). Approximately 50 g of crushed peach 
stones were placed in a batch pyrolysis unit with a vertical quartz tube 
(inner diameter 50 mm) at a sample bed depth of around 200 mm and 
heated using a 12-kW infrared gold image furnace (P610C; ULVAC- 
RIKO, Yokohama, Japan, see (Mašek et al., 2018). Before pyrolysis, 
the reactor was purged with nitrogen to eliminate any residual oxygen 
within the system. The peach stones were pyrolyzed at a heating rate of 
15 ◦C min− 1, with HTTs of 550 ◦C and 700 ◦C and a residence time of 45 
min at HTT. After pyrolysis, the system was cooled under nitrogen flow 
to prevent biochar oxidation. As previously shown (Mašek et al., 2018), 
no statistically significant differences were observed among the char-
acteristics of the UKBRC standard biochar produced using pilot-scale 
pyrolysis units and those produced in lab-scale pyrolysis units. 

Biochar activation was conducted in the abovementioned batch py-
rolysis unit using carbon dioxide as the activation agent. Prior to acti-
vation, biochar materials were crushed to a particle size < 2 mm. 

I. Kozyatnyk et al.                                                                                                                                                                                                                              



Bioresource Technology 340 (2021) 125561

3

Approximately 30 g of each biochar were heated to 800 ◦C under 
continuous CO2 flow at a rate of 1.2 L min− 1, with a heating rate of 30 ◦C 
min− 1 and residence time at the HTT of 60 min. After activation, the 
biochar was allowed to reach room temperature within the reactor 
under continued CO2 flow. The biochar and activated biochar were then 
crushed using a pestle and mortar and sieved to obtain a particle size 
between 0.50 and 0.125 mm. The samples were washed with 0.1 mol L-1 

hydrochloric acid (HCl) to remove the inorganic phase, and rinsed with 
deionised water until the pH stabilised. Each biochar was labelled ac-
cording to its source feedstock type (wheat straw pellets (WSP), soft-
wood pellets (SWP) and peach stones (PS)), the HTT for pyrolysis (550 
and 700), and whether it was activated (an (A) denoting activation). 

2.2. Biochar characterization 

Proximate analysis was conducted using thermogravimetric analysis 
with differential scanning calorimetry (TGA/DSC-1; Mettler-Toledo, 
UK). Approximately 10 mg of sample was placed in an alumina cruci-
ble and heated to 110 ◦C under nitrogen flow for 10 min to determine 
moisture content. The sample was further heated to 900 ◦C at 25 ◦C 
min− 1 and held for 10 min to determine volatile matter content, fol-
lowed by 30 min combustion in air at 900 ◦C to determine ash content, 
assuming complete combustion of organic matter. Fixed carbon content 
was calculated by subtracting moisture, volatile matter and ash content 
from the initial weight of the sample. All analyses were performed in 
triplicate. 

Elemental bulk composition analysis (i.e., of carbon (C), hydrogen 
(H), nitrogen (N), and oxygen (O)) was performed in triplicate using a 
Flash Smart Elemental Analyzer (Thermo Fisher Scientific, USA). Sam-
ples were ball milled and dried at 105 ◦C overnight. Approximately 1.5 
mg of the dried sample was weighed out with an accuracy of 0.001 mg, 
double wrapped into tin capsules and stored in a desiccator. Before 
analysis, the samples were placed in a helium (He)-flushed autosampler 
carousel to avoid moisture uptake. C, H and N were measured by flash 
combustion at 950 ◦C and O was calculated by difference. 

The pH and electrical conductivity of each biochar were determined 
before and after activation using 0.5 g of biochar and 10 mL of deionised 
water, with a shaking time of 1.5 h (see (Singh et al., 2017) for more 
details). 

The TriStar 3000 automated nitrogen sorption/desorption instru-
ment (Micromeritics, Norcross, GA, USA) was used to analyse the 
porosity properties of the biochar. A 0.1 g mass of dried biochar was 
degassed under nitrogen flow at 120 ◦C for 2 h. (see (Mustafa et al., 
2021) for more details). 

2.3. Adsorption of CECs 

The selection of CECs for adsorption experiments was based on 
environmental relevance (occurrence in aquatic environments and po-
tential environmental impact), as well as octanol–water partition coef-
ficient (Kow) which reflects the hydrophilic-hydrophobic properties of a 
substance (Delle Site, 2001; Li et al., 2018a). Typically, compounds with 
a Kow > 2 and water solubilities < 100 mg L-1 are considered hydro-
phobic (Elzerman & Coates, 1987). The six CECs selected for this study 
have Kow values ranging between − 0.07 to 4.76 as follows: caffeine, 
− 0.07; chloramphenicol, 1.02; carbamazepine, 2.67; bisphenol A, 3.43; 
diclofenac, 4.06; and triclosan, 4.76 (https://pubchem.ncbi.nlm.nih.gov 
/compound) (see additional properties of the CECs in Appendix, 

Table A1). The multicomponent CEC stock solution was prepared in 
methanol with each CEC at a concentration of 5 g L-1, except for triclosan 
which had a 3 g L-1 concentration due to its low water solubility. 

The adsorption experiments were conducted at ambient temperature 
(20 ◦C) in enclosed tubes containing 50 mg of activated biochar and 50 
mL of CEC solution. The CEC solution (concentration 100 mg L-1 in ul-
trapure water for all CECs except triclosan at 60 mg L-1) was further 
diluted to the following concentrations: 5, 7, 10, 12, 15, 20, 30, 40, 80 
and 100 mg L-1 for caffeine, chloramphenicol, carbamazepine, bisphenol 
A, and diclofenac; and 3, 4.2, 6, 7.2, 9, 12, 18, 24, 48 and 60 mg L-1 for 
triclosan. Preliminary tests of CEC adsorption onto commercial AC Norit 
GSX (Alfa Aesar, Germany) were performed to confirm that the selected 
concentration ranges were sufficient for studying the initial steep part of 
the adsorption isotherm at lower CEC concentrations as well as the 
flatter part of the isotherm at higher CEC concentrations when the 
adsorbent is at or close to saturation (see Table 2 and Appendix, 
Figure A1). The pH of the CEC solutions was neutralised using 1 mol L-1 

sodium hydroxide (NaOH). The tubes were shaken with an orbital 
shaker at 50 rpm for 24 h, after which the CEC solution was filtered off 
using 0.45–µm nitrocellulose membrane syringe filters. 

CEC concentrations were determined using a HP 1100 Chromatog-
raphy System (Agilent, Germany) and a Hypersil octadecylsilane (ODS) 
5 µm C18, 100 × 2.1 mm column. The column temperature was kept 
constant at 30 ◦C. The analyses were performed using acetonitrile and 
0.1 mol L-1 ammonium acetate buffer at a flow rate of 0.5 mL min− 1. The 
injection volume was 10 µL and CECs were detected using UV- 
absorption measurements at 254 nm for caffeine, chloramphenicol, 
carbamazepine and diclofenac and at 280 nm for triclosan. Bisphenol A 
was detected using a fluorescence detector at an excitation wavelength 
of 280 nm and emission wavelength of 340 nm. 

The equilibrium adsorption (qeq) was calculated as follows: 

qeq =

(
C0 − Ceq

)
∙V

m
(1)  

where C0 (initial) and Ceq (equilibrium) denote CEC concentrations (mg 
L-1), V is the solution volume (L), and m is the mass of sorbent (g). 

The maximum adsorption (qmax (mg g− 1)) was calculated from the 
linear form of the Langmuir model of adsorption (Langmuir, 1918): 

1
qeq

=
1

qmax
+

1
qmaxKLCeq

(2)  

where KL denotes the Langmuir isotherm constant (L mg− 1). The values 
of qmax and KL were calculated from the intercept and slope of the 
Langmuir plot of 1/Ceq versus 1/qeq. 

Assessment of adsorption performance of the activated biochar was 
also performed using the Freundlich model of adsorption (Freundlich, 
1907). 

qeq = KFC1/n
eq (3)  

where KF and n are the Freundlich constants for a given adsorbate and 
adsorbent, respectively, at a specific temperature. 

3. Results and discussion 

3.1. Physiochemical characterization of the biochar 

Differences in pyrolysis temperature and feedstock (Yang et al., 

Table 1 
Composition of feedstocks (in % dry weight).  

Feedstock Total sugars Hexosans Pentosans Klason lignin Acid soluble lignin Extractives Ash 

Wheat straw  58.4  36.2  22.2  17.2  1.8  9.7  6.3 
Softwood  59.5  53.1  6.4  26.9  0.5  6.3  0.3 
Peach stones  35.1  15.8  19.3  44.8  1.2  6.9  0.6  
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2007) were reflected in the differences in biochar yield between the 
feedstocks studied (Table 2). Peach stones yielded more biochar, after 
pyrolysis (28.8 – 32.3%) and after activation (26.8 – 27.3%), than wheat 
straw and softwood (17.3 – 24.1% after pyrolysis and 13.5 – 18.2% after 
activation). 

No covariations between activated biochar yield and pyrolysis tem-
perature were observed; thus, biochar produced at the lower pyrolysis 
temperature as a precursor for activation was not expected to generate a 
higher overall yield. Biochar produced at 550 ◦C showed greater weight 
loss during activation than biochar produced at 700 ◦C (16.4–18.7% 
versus 7.9–15.5%), likely due to more volatile matter content in biochar 
generated at the lower temperature. This observation indicates incom-
plete carbonization during pyrolysis, possibly leading to a less aromatic 
carbon skeleton that would be prone to volatility during activation 
(Cagnon et al., 2009). 

The notion of a less aromatic carbon skeleton is supported by the 
observation that the atomic H/C ratios for all biochar materials 
decreased from a range of 0.5–0.3 to around 0.1 during activation, 
indicating preferential loss of hydrogen over carbon and formation of 
more condensed aromatic structures (Schimmelpfennig & Glaser, 2012). 
The O/C ratio decreased for all biochar materials, with similar levels 
(0.08–0.03) for all activated biochar due to decarboxylation (Suliman 
et al., 2016). This observation suggests that activation produces more 
condensed aromatic (lower H/C ratio) and more carbonised (lower O/C 
ratio) structures (Schimmelpfennig & Glaser, 2012). The observation 
was further supported by the fixed carbon content which was highest for 
peach stone biochar (84.4–90.5% compared to 62.2–85.0% for the other 
biochar materials) and was about 4% higher for all feedstocks pyrolyzed 
at 700 ◦C compared to biochar obtained at 550 ◦C. Activation further 
increased the fixed carbon content to over 90% for peach stone and 
softwood biochar. 

Ash content was 0.5–1.2% for peach stone biochar, 2.0–2.6% for 
softwood biochar, and 17.6–19.5% for wheat straw biochar. Ash content 
was feedstock dependent and increased with increasing pyrolysis tem-
perature. Ash content in activated biochar was less than might be ex-
pected after activation due to the HCl wash for removing inorganic 
matter before adsorption experiments; for instance 19.8–22.6% in HCl- 
washed biochar compared to 27.5–28.1% for unwashed activated wheat 
straw biochar. 

Biochar activation generated a more developed porosity (Table 2). 
Improved surface properties (i.e., specific surface area and pore volume) 
are known to enhance adsorption of organic matter onto carbonaceous 
materials (Zhu et al., 2018); this phenomenon was also observed in this 
study. The specific surface area exceeded 400 m2 g− 1 for all activated 
biochar compared to 3.4–316 m2 g− 1 for pristine biochar. 

Nitrogen adsorption–desorption isotherms (see Appendix, Figure A2) 
were assigned as a composite of types I and II with a hysteresis loop of 
H4, according to International Union of Pure and Applied Chemistry 
(IUPAC) classification, which is often found for micro-mesoporous car-
bon materials (Thommes et al., 2015). A sharp step-down of the 
desorption branch of the isotherms for WSP-A and SWP-A biochar in-
dicates the presence of mesopores (Thommes et al., 2015). From the 
pore size distribution (Fig. 1), one can conclude that pyrolysis of the 
straw and softwood feedstocks failed to produce well-developed 
porosity, except for softwood pyrolyzed at 700 ◦C which, together 
with peach stones (at both pyrolysis temperatures), mainly displayed 
micropore formation. Increasing the pyrolysis temperature from 550 ◦C 
to 700 ◦C increased the surface area and pore volume for both softwood 
and straw biochar; this effect was not observed for peach stones. 

After activation, the pore size distribution curves of activated bio-
char originating from the same feedstocks were closely positioned 
(Fig. 1), irrespective of pyrolysis temperature. The specific surface areas, 
on the other hand, were approximately 50 m2 g− 1 greater for all 700A 
biochar materials than for the corresponding 550A biochar (Table 2). 
Activation of the softwood and straw biochar notably increased the 
specific surface area and pore volume of the materials with as much as a Ta
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two-fold increase for some, mainly because of micro- and mesopore 
formation. This is shown by the pore size distribution in Fig. 1 and the 
hysteresis shape (see Appendix, Figure A2). Mesopore (>2 nm) forma-
tion is important for adsorption applications of carbon materials since 
mesopores are crucial for their ability to adsorb organic substances (Yao 
et al., 2020). Although no substantial mesopore formation was observed 
after activation of the peach stone biochar, the pore volume increased 
from 0.16 − 0.17 to 0.21–0.25 cm3 g− 1, corresponding to an increase in 
surface area from about 300 m2 g− 1 to 400–450 m2 g− 1. 

3.2. Adsorption properties of the activated biochar 

The obtained adsorption isotherms of CECs (Fig. 2) showed L- 
behaviour according to Giles’ classification (Giles et al., 1960), which is 
characteristic of monomolecular layer adsorption of CECs onto the 
surfaces of the activated biochar. L-type adsorption isotherms also 
indicate that there was no major competition between CEC molecules 
and water molecules for active adsorption centres on the carbon surface 
(Abdel daiem et al., 2015). L-type isotherms can become H-type when 
the adsorbate has high affinity for the adsorbent surface. H-type 

isotherms differ from L-type by a complete adsorption at low CEC con-
centrations that decreases at an approximate equilibrium concentration, 
then tends to decrease more slowly at higher concentrations. H-type 
isotherms were observed for adsorption of chloramphenicol, carba-
mazepine, bisphenol A and triclosan onto SWP and WSP activated bio-
char, and for caffeine onto SWP500A, diclofenac onto WSP500A, and 
triclosan onto PS500A and PS700A. 

Based on R2 values (Table 3), the Langmuir adsorption model, in 
most cases, fits the experimental equilibrium data better than the 
Freundlich model. Therefore, adsorption of this set of CECs occurs 
mainly at specific homogeneous sites on the adsorbent surface and, once 
a molecule occupies a site, no further adsorption can occur at that site, 
thereby forming a monolayer (Halsey, 1952). Thus, maximal adsorption 
(qmax) calculated by the Langmuir model was used for the evaluation of 
adsorption efficiency (Fig. 3). 

For all CECs studied, adsorption onto activated peach stone biochar 
was 2–10 times lower than onto activated straw and softwood biochar 
(1.1–9.2 mg g− 1 versus 4.3–22.8 mg g− 1; Figs. 2 and 3). According to the 
qmax data, the highest uptake was observed for triclosan and bisphenol A 
onto activated softwood biochar. However, adsorption of all CECs was 
lower on activated PS biochar, which had high microporosity and lower 
amounts of mesopores and transport macropores (external surface area 
67.2–48.4 m2 g− 1), compared to SWP activated biochar (external surface 
area 164.4–152.2 m2 g− 1) and WSP activated biochar (external surface 
area 93.2–89.5 m2 g− 1). These results are in good agreement with pre-
vious findings showing the importance of mesoporosity for the ability of 
activated biochars to adsorb organic substances (Yao et al., 2020). 

The presence of mesopores facilitates availability of pore surfaces for 
organic molecules, resulting in higher adsorption rates (Piai et al., 
2019). Adsorption of caffeine and chloramphenicol, the most hydro-
philic substances of the six compounds observed, was high onto acti-
vated WSP biochar. This may be explained by incomplete removal of 
residual ash from WSP activated biochar by the acid wash (Table 2). The 
inorganic matter that forms ash is more hydrophilic than the biochar 
carbon skeleton. More hydrophilic inorganic domains of biochar have 
more polar functional groups and may have greater affinity towards 
hydrophilic compounds (Tan et al., 2015). However, the impact of ash- 
forming elements in different types of biomass on CEC adsorption may 
vary from complete to no removal, depending on the biomass compo-
sition and on the hydrophilic-hydrophobic properties of the CECs 
(Guérin et al., 2020). 

Pyrolysis and activation of the feedstocks used in this study gener-
ated biochar materials with varying porosity and CEC adsorption 
capability, possibly due to differences in biomass composition. Previous 
studies (Park et al., 2013; Tan et al., 2017) showed that feedstock 
composition (e.g., lignin, cellulose, hemicellulose) and inorganics (ash) 
might influence the carbonization process and the properties (i.e., 
porosity, surface functionality, elemental composition and ash content) 
of chemically activated biochar. Cellulose and lignin are the main 
components contributing to surface area development during chemical 
activation by KOH, since they are more stable than hemicellulose 
(Rodriguez Correa et al., 2017). Therefore, feedstock composition could 
also be expected to influence the adsorption properties of CO2-activated 
biochar, as suggested by this study. For instance, adsorption of all CECs 
was low on activated biochar produced from peach stones, the feedstock 
with the highest lignin content. Further research is necessary to enable 
reliable prediction of adsorption performance of activated biochar based 
on feedstock composition. 

Many published adsorption studies focus on the removal of single 
components from water, despite the facts that wastewater and natural 
water usually contain numerous contaminants and that the adsorption 
behaviour of a multi-contaminant mixture will differ from that of a 
single-component system (Mansouri et al., 2015). Caffeine adsorption 
from a single component solution performed in our other study (Wurzer 
& Mašek, 2021) with comparable biochar was much greater than 
removal from a multicomponent solution, i.e., 42 mg g− 1 versus 22.8 

Fig. 1. Pore size distribution of biochar from N2 adsorption isotherms using the 
BJH method. WSP – wheat straw; SWP – softwood; PS – peach stones. 550 and 
700 – pyrolysis temperature (◦C) of feedstocks. A – activated biochar. 

Fig. 2. Adsorption isotherms for caffeine, chloramphenicol, carbamazepine, 
bisphenol A, diclofenac, and triclosan on activated biochar from wheat straw 
(WSP550A and WSP700A), softwood (SWP550A and SWP700A), and peach 
stones (PS550A and PS700A). 
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mg g− 1 on WSP, and 135 mg g− 1 versus 11.3 mg g− 1 on SWP. 
Mansouri et al. (2015) showed that, due to competitive adsorption 

onto AC, the uptake of ibuprofen and amoxicillin from a binary solution 
was lower than uptake of the same substances from single-component 
solutions. The main competitive effects could be associated with the 
affinity of the individual compounds to the carbon adsorbent (Mansouri 
et al., 2015). The AC surface was considered non-polar, which contrib-
utes to the adsorption of non-polar substances rather than polar sub-
stances (Wu et al., 2020). The emerging hypothesis was, therefore, that 
hydrophobicity is an important parameter for CEC adsorption onto 
porous carbon materials. Hence, it would be logical to assume that 
adsorption would co-vary with Kow, one of the selection criteria for CECs 
observed in this study. 

However, covariation with Kow was not observed (Fig. 3). For 
example, the removal of diclofenac (Kow = 4.06) was more similar to 
that of caffeine and chloramphenicol, both hydrophilic substances, than 
to the hydrophobic bisphenol A and triclosan. This observation is 
explained by the ionised form of diclofenac in aqueous solutions at 
neutral pH, which renders its properties more hydrophilic than hydro-
phobic. The distribution coefficient (log D) would, therefore, be a more 
appropriate descriptor of ionisable compounds like diclofenac which 
may exist in various different ionic forms at a given pH, and is used 
instead of Kow for further discussion. This observation has another 

Table 3 
Adsorption properties of activated biochars and activated carbon Norit GSX.  

Substance Material Models of adsorption 

Langmuir Freundlich 

qsat, mg g− 1 KL, L g− 1 R2 KF, L mg− 1 n R2 

Caffeine WSP550A  22.8  1.1  0.95  12.4  5.9  0.94 
WSP700A  22.2  0.7  0.91  12.1  6.4  0.94 
SWP500A  11.3  6.7  0.80  10.0  28.3  0.86 
SWP700A  11.6  0.1  0.91  2.5  3.3  0.72 
PS550A  1.8  0.2  0.95  0.6  4.2  0.96 
PS700A  1.6  0.1  0.96  0.4  3.3  0.90 
AC Norit GSX  42.4  18.8  0.93  33.7  12.9  0.94 

Chloramphenicol WSP550A  11.3  1.6  0.89  8.0  10.6  0.95 
WSP700A  10.0  1.4  0.93  7.9  17.5  0.72 
SWP500A  8.8  0.3  0.96  4.6  6.9  0.79 
SWP700A  6.4  0.3  0.83  3.5  7.3  0.76 
PS550A  1.6  0.2  0.89  0.6  4.3  0.74 
PS700A  1.1  0.1  0.81  0.2  2.6  0.81 
AC Norit GSX  36.5  35.2  0.87  32.8  31.2  0.83 

Carbamazepine WSP550A  15.9  1.3  0.89  10.1  7.9  0.82 
WSP700A  16.1  1.4  0.88  10.2  7.9  0.78 
SWP500A  20.5  0.3  0.86  11.7  7.9  0.97 
SWP700A  15.4  0.4  0.76  8.3  6.8  0.90 
PS550A  3.6  0.1  0.97  0.3  2.0  0.90 
PS700A  1.5  0.1  0.94  0.5  4.0  0.80 
AC Norit GSX  53.7  1.4  0.97  38.1  10.8  0.95 

Bisphenol A WSP550A  17.5  0.9  0.94  12.4  12.0  0.75 
WSP700A  14.2  1.3  0.71  12.0  27.0  0.65 
SWP500A  31.6  1.0  0.87  22.9  14.4  0.94 
SWP700A  22.5  1.3  0.85  18.5  17.8  0.97 
PS550A  6.3  0.1  0.98  2.1  4.5  0.75 
PS700A  6.0  0.1  0.93  1.6  3.7  0.81 
AC Norit GSX  57.9  2.7  0.94  42.4  10.0  0.95 

Diclofenac WSP550A  6.7  1.2  0.79  5.2  16.3  0.68 
WSP700A  6.1  0.1  0.93  1.3  3.15  0.80 
SWP500A  5.5  0.1  0.90  1.4  3.7  0.73 
SWP700A  4.3  0.1  0.94  1.2  3.7  0.91 
PS550A  1.4  0.2  0.90  0.4  3.7  0.90 
PS700A  1.2  0.1  0.86  0.4  4.2  0.67 
AC Norit GSX  28.3  1.6  0.97  22.0  15.6  0.89 

Triclosan WSP550A  20.3  2.0  0.95  16.1  15.2  0.80 
WSP700A  18.6  2.3  0.93  16.1  29.0  0.83 
SWP500A  30.2  2.4  0.85  21.8  9.3  0.96 
SWP700A  26.5  2.0  0.93  18.0  7.9  0.95 
PS550A  9.2  0.7  0.83  5.7  7.7  0.72 
PS700A  8.4  1.0  0.82  5.5  8.2  0.78 
AC Norit GSX  75.9  1.4  0.94  48.9  7.1  0.95  

Fig. 3. Maximal adsorption (qmax) for caffeine, chloramphenicol, carbamaze-
pine, bisphenol A, diclofenac, and triclosan on activated biochar from wheat 
straw (WSP550A and WSP700A), softwood (SWP550A and SWP700A), and 
peach stones (PS550A and PS700A). 
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consequence. Adsorption of ionic or zwitterionic CECs is pH-dependent. 
For instance, the adsorption of acetaminophen, cephalexin and valsartan 
was approximately 10–70 % higher at pH 3 than at pH 10 on biochar 
obtained from oil palm fiber (Grisales-Cifuentes et al., 2021). 

The distribution coefficient, typically expressed in logarithmic form 
log D, is a measure of pH-dependent differential solubility in an octanol/ 
water system at a particular pH (Li et al., 2018a). Adsorption of more 
hydrophobic substances, i.e., with a distribution coefficient > 3.0 
(bisphenol A (log D = 3.63) and triclosan (log D = 5.13)), from the 
multicomponent solution studied was greatest onto SWP550A biochar 
(31.6 and 30.2 mg g− 1, respectively). The SWP550A biochar also had the 
highest specific (530.3 m2 g− 1) and external (164.4 m2 g− 1) surface area 
of all the biochar materials studied (Fig. 3). 

Overall, pyrolysis and activation of the feedstocks used in this study 
generated biochar with varying porosity and CEC adsorption capability, 
possibly due to differences in feedstock composition (e.g., lignin, cel-
lulose, hemicellulose) and inorganics (ash). The activated biochar ob-
tained from three lignocellulosic feedstocks exhibited varying 
capabilities for removing CECs from a multicomponent water solution. 
Structural parameters related to porosity and ash content of the acti-
vated biochar and hydrophobic properties of the CECs were found to 
influence biochar adsorption efficiency. Activation increased porosity 
development of the biochar to over 400 m2 g− 1, compared to 15.9 – 316 
m2 g− 1 in biochar after pyrolysis. Activation of straw and softwood 
biochar led to development of more mesoporous ACs whereas activated 
peach stone biochar contained mainly micropores. Hence adsorption of 
all CECs was 2–10 times lower onto activated biochar from peach stones 
than onto activated biochar from the other materials. 

The presence of mesopores can facilitate availability of porous space 
of carbon materials for organic molecules, resulting in higher adsorption 
rates. Adsorption of more hydrophobic substances (i.e., bisphenol A and 
triclosan) was highest (31.6 and 

30.2 mg g− 1) onto activated biochar from softwood, the material 
with the highest specific (530.3 m2 g− 1) and external (164.4 m2 g− 1) 
surface area. Adsorption of caffeine and chloramphenicol, the most 
hydrophilic substances of those evaluated, was high onto wheat straw 
activated biochar with high ash content. 

4. Conclusions 

This study showed that the lignocellulosic biomass composition had 
an effect on the microstructure of the biochar and, subsequently, on 
their CECs removal performance. Further research should, therefore, 
focus on systematic studies of effects of lignocellulosic biomass com-
ponents, pyrolysis, and activation conditions (temperature, time, acti-
vating agents) on the structural and adsorption properties of activated 
biochar. Multicomponent adsorption of CECs at environmentally rele-
vant concentrations and impact of water matrix also warrants further 
study. Resulting information will be essential for the selection and 
eventual pre-treatment of lignocellulosic feedstocks, and for the opti-
mization of processing conditions for activated biochar intended for 
environmental applications. 
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