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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  

• Porous carbons were prepared by simple 
methods using MgCl2, ZnSO4, ZnCl2, and 
KOH. 

• KOH activation yielded a porous carbon 
with a specific surface area of 2209 m2 

g− 1. 
• Compared to other chemicals, MgCl2 

yielded an extremely hydrophobic 
material. 

• Ultrafast acetaminophen adsorption 
times were reached for all activation 
methods. 

• Regeneration studies showed good 
cyclability at around 70% in the 3rd 
cycle.  
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A B S T R A C T   

Preparing sustainable and highly efficient biomass-based carbon materials (BBPM) as adsorbents remains a 
challenge for organic pollutant management. In this work, novel biobased carbon material has been synthesized 
via facile, sustainable, and different single-step pyrolysis chemical methods (KOH, ZnCl2, ZnSO4, and MgCl2) 
using a Norway spruce bark as suitable and efficient carbon precursor. The effects of each chemical activator on 
the physicochemical structure of synthesized were thoroughly investigated as well as its performance on the 
acetaminophen adsorption. The results showed that the use of different chemical activation provoked remarkable 
differences in the BBPM physicochemical characteristics. The KOH activation generated material with the 
highest specific surface area (2209 m2 g− 1), followed by ZnCl2 (1019 m2 g− 1), ZnSO4 (446 m2 g− 1), and MgCl2 
(98 m2 g− 1). The chemical characterization of the carbon materials indicated that the activation of MgCl2 yielded 
a material around three times more hydrophobic when compared with the other activation methods. The 
acetaminophen removal showed to be ultrafast, not only due to the BBPM’s microstructure but also to the 
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abundant active sites provided by the different chemical activation methods. The adsorption equilibrium times 
were reached at 1 min for BBPM-KOH and BBPM-MgCl2 and 15 min for BBPM-ZnSO4 and BBPM-ZnCl2. The 
adsorption process suggests that the pore-filling mechanism mainly dominates the acetaminophen removal but 
also some physical-chemical interactions such as hydrogen bonding between the amide group of acetaminophen 
and oxygenated or nitrogenated groups of biochar, π-π interactions between the aromatic ring of the pharma-
ceutical and the aromatics of biochar, n-π interaction, van der Waals interactions. The BBPM regeneration studies 
showed very good cyclability; in the 3rd cycle, the removal was approximately 70% for all four samples. The 
samples were also used to treat two synthetic effluents, which attained a removal percentage up to 91.9%.   

1. Introduction 

Biomass is a carbon source that can effectively be employed for en-
ergy and materials synthesis design as promising and exciting alterna-
tives to fossil sources. One good option for biomass management is 
applying it as a precursor to producing bio-based carbon porous mate-
rials (BBPM) [1–3]. BBPM is defined as a black carbonaceous porous 
solid material with high specific surface area (SSA), developed porosity, 
ordered pore size distribution, and rich in functionalities on its surface 
[1–6]. BBPM is produced from sustainable sources (biomass precursors) 
through the thermal decomposition of biomass under an inert atmo-
sphere (absence of oxygen) at elevated temperatures [2–8]. 

The BBPM’s properties are severely dependent on the type of 
biomass precursor and its preparation method [1,2]. The BBPM prepa-
ration method consists of two main procedures (i) pyrolysis and (ii) 
activation [1,2]. The main goal of pyrolysis is to reduce the volatile 
content of the biomass precursors in the temperature range of 
300–900 ◦C and create a solid structure with primary porosity associated 
with a high fixed carbon content [2,9]. On the other hand, the main idea 
behind the activation process is to develop and maximize the primary 
porosity to enhance the SSA and pore volume structure of BBPM through 
opening new pores and widening the existing ones [9–11]. In addition, 
the activation process can vary and/or adjust the chemical surface of the 
biobased material to tailored, unique characteristics [9,10]. Therefore, 
the activation process is considered more influential than carbonization 
in terms of the properties of the BBPM. 

The most usual activating agents used are KOH, NaOH, ZnCl2, 
Na2CO3, and H3PO4 [12]. However, ZnSO4, AlCl3, and MgCl2 can also be 
an alternative [13,14]. The type of chemical activator employed will 
influence the action mechanism and the chosen pyrolysis temperatures 
for efficient activation of the carbon-based material. The activation 
mechanism of KOH is based on solid-solid or solid-liquid reactions 
involving hydroxide reduction and carbon oxidation. The CO and H2 are 
considered subproducts, while the interaction mechanism with ZnCl2 is 
based on the catalytic dehydration with the ZnCl2 acting as a skeleton 
during carbonization, with positive effects on pore structure-specific 
surface area [11,14]. 

The chemical activators dehydrate, oxidize, or break down the 
biomass raw material, and during the pyrolysis, the carbon skeleton is 
charred and aromatized, which further leaches out step, materials with 
highly porous structure can be generated [12–14]. In addition, chemical 
activation delays the burning of precursor materials, favoring higher 
product yield [13,14]. Therefore, the chemical activation process, when 
compared to physical activation, has several advantages such as (i) 
shorter pyrolysis time and short pyrolysis temperature, leading to low 
energy consumption being economical from the energy viewpoint, (ii) 
minimization of elimination of volatile organic compounds leading to 
higher carbon yields, (iii) better development of uniform porous struc-
ture, (iv) larger surface areas and (v) higher number of functional groups 
on the pyrolyzed material’s surface [12–14]. 

Together with the chemical activation, the characteristics of the 
biomass precursor play a vital role in the features of the final pyrolyzed 
product. BBPM can be produced from a large variety of carbonaceous 
precursors, and for selecting a suitable precursor, its availability, cost, 
and main composition should be considered. In this research, Norway 

spruce bark (Picea abies (Karst.) L.) was chosen as an effective carbon 
source to produce bio-based carbon porous materials. Norway spruce is 
a common tree that covers a large part of the north of Europe, especially 
in Scandinavia [15]. Spruce bark is rich in tannins [15], and its main 
components are lignin, hemicellulose, and cellulose, being suitable for 
producing BBPMs [16]. 

The spruce bark bio-based carbon porous materials were utilized as 
adsorbents to remove acetaminophen (AMP) from aqueous wastewaters. 
AMP belongs to a class of pharmaceuticals that is considered an 
emerging contaminant [17,18]. AMP is the most common analgesic and 
antipyretic pharmaceutical prescribed worldwide, and due to its 
extensive use, it is commonly found in the environment such as rivers 
and lakes [17]. Therefore, wastewaters must be adequately treated 
before being discharged into the environment [18]. Conventional 
wastewater treatment methods are not wholly efficient in removing 
pharmaceuticals. Therefore, specific methods such as biological pro-
cesses [19], filtration techniques [20], oxidation [21,22], photocatalytic 
degradation [23], and adsorption [7,18,24] are employed. However, 
these processes are costly and involve high initial investments and 
operational costs. On the contrary, adsorption is a more attractive 
method because contaminants are removed, and the adsorbent can be 
reused several times, making the wastewater treatment process 
economically feasible. 

The current state-of-the-art presents a large gap between our ability 
to produce different carbon materials from biomasses, using different 
activation methods, and how their properties are connected to the 
resulting carbon performances in adsorbing pollutants from waters or 
performances in other possible applications. This research helps 
diminish that gap by explicitly focusing on the minute correlation of 
carbon properties linking its chemical activation method with the 
resulting material properties. Furthermore, by employing different c 
Therefore, this research can provide a reasonable understanding of the 
effect of the different chemical activation methods on the carbon 
physical-chemical and adsorption features. 

The aims of this work comprise (i) the production of BBPMs from 
Norway spruce bark as a carbon precursor by using four chemical acti-
vators (MgCl2, ZnSO4, KOH, ZnCl2); (ii) to study the effect of each 
chemical activator on the physicochemical and adsorption properties of 
the BBPM materials; (iii) to apply the BBPM as adsorbents for acet-
aminophen removal from aqueous solution and to treat synthetic ef-
fluents containing several emerging pollutants. 

This study permitted to build off an optimized activation method-
ology that involves understanding the role of each activator (ZnSO4, 
MgCl2, KOH, and ZnCl2) on the physicochemical features of the biobased 
porous materials and, later on, their performances on acetaminophen 
removal from aqueous solution. To the best of our knowledge, there are 
few investigations on pyrolysis of biomass dealing with MgCl2 and none 
with ZnSO4, which further justifies this work. 

2. Experimental 

2.1. Biomass 

The tree bark was obtained and treated as described elsewhere [25]. 
The four chemical reagents (MgCl2, ZnSO4, KOH, ZnCl2) were acquired 
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from Merck, and distilled water was used throughout the BBPMs 
preparation. 

2.2. BBPM preparation 

According to a previously reported procedure, the BBPMs were 
produced through a single pyrolysis step and activation [5–8,24]. First, 
20.0 g of biomass was mixed with the selected chemical reagent, and 
distilled water was added to the mix until homogenous pastes were 
obtained [5–8,24,25]. Then, the mixtures were left at an ambient tem-
perature for 2 h before being placed on a stove at 105 ◦C for 24 h. Once 
the pyrolysis was completed, the oven was shut down, and the door 
opened to cool down, still under N2 flow until a temperature of 200 ◦C 
was reached. Then the N2 flow was stopped until the oven reached the 
ambient temperature. Afterward, to remove the remaining chemical 
reagents KOH, ZnCl2, ZnSO4, and MgCl2, and washing step was per-
formed with HCl solutions at concentrations of 1.0 M (for KOH treated 
materials) [11], 6.0 M (ZnCl2 treated materials) [6,7], 4.0 M (ZnSO4 
treated materials) and 2.0 M (MgCl2 treated materials) [13]. Next, the 
samples were heated at 80 ◦C for 1 h with these solutions under a reflux 
system. After that, the samples were filtered and exhaustively washed 
with distilled water to remove the remaining acid from the BBPM 
structures until a stable pH was obtained in the filtrate [6,8]. 

2.3. Batch adsorption and regeneration tests 

The acetaminophen initial solution concentrations used for the 
adsorption tests varied from 70 to 1200 mg L− 1 at different pH (3.0–9.0). 
Next, a mass of 30 mg of BBPM samples was added to 20.00 mL acet-
aminophen aliquant solution in 50.0 mL flat cylindrical tubes. All the 
adsorption tests were carried out at 23 ◦C. First, the tubes were shaken in 
a KS250 shaker (IKA Labortechnik) for 1–180 min. Afterward, to sepa-
rate the BBPM from the solutions, the tubes were centrifugated for 30 
min, and with a pipette, the needed solution was withdrawn. Then, the 
residual acetaminophen solutions were measured using a UV-Visible 
spectrophotometer (Shimadzu 1800) at λmax of 244 nm. 

The sorption capacity (Eq. 1) and the percentage of acetaminophen 
removal (Eq. 2) are given below: 

q =
(C0 − Cf )

m
.V (1)  

% Removal = 100.
(C0 − Cf )

C0
(2)  

q is the amount of acetaminophen uptaken by the biochars (mg g− 1). Co 
and Cf are the initial and final acetaminophen concentrations (mg L− 1), 
respectively. m is the mass of BBPM (g), and V is the aliquant of the 
acetaminophen solution (L). 

For regeneration tests, acetaminophen-laden biochars were washed 
with water to remove any unadsorbed drug and dried overnight in an 
oven at 50 ◦C. The dried-laden biochars were contacted with two elu-
ents, i.e., 0.1 M NaOH + 20% EtOH and 0.25 M NaOH + 20% EtOH and 
agitated for 6 h. The desorbed pharmaceutical was then separated from 
the biochar. The latter was washed with water to remove the eluent and 
dried overnight in an oven at 50 ◦C. The adsorption capacity of the 
recycled adsorbent was measured again. A total of four consecutive 
adsorption-desorption cycles were carried out. 

The statistical evaluation of the models is presented in Supplemen-
tary Material [6,7,24,26–28]. 

2.4. Models of kinetics and isotherms of adsorption 

The kinetics and equilibrium models are given in Supplementary 
Material [6,7,26–28]. 

2.5. Effluent treatment 

Two effluents loaded with several drugs and organic/inorganic 
compounds were made to simulate hospital effluents [7,8]. These syn-
thetic effluents with different compositions (Supplementary Table 1) 
were prepared to test the BBPM’s ability to treat real effluents [7,8]. 

3. Results and discussion 

3.1. Characterization of the biobased porous materials (BBPM) samples 

3.1.1. N2 isotherms and textural properties 
N2 adsorption-desorption isotherms for BBPM-KOH, BBPM-ZnCl2, 

BBPM-ZnSO4, and BBPM-MgCl2 samples are presented in Fig. 1. The 
chemical treatment yielded BBPM with different isotherm curves. Ac-
cording to the International Union of Pure and Applied Chemistry 
(IUPAC) classification [29], the isotherm for BBPM-KOH has its shape 
closer to type I (with portions of type II and IV); type I is related to 
microporous materials; however, it shows hysteresis from partial pres-
sure of 0.4 (which related to isotherm type IV), highlighting the presence 
of mesoporosity [29]. In addition, BBPM-KOH isotherm did not reach a 
limiting value, and the shape of isotherms at high partial pressure can be 
related to type II [29]. BBPM-ZnCl2 can be classified as a combination of 
type I and type II, with a prominence of micropores in its structure [29]. 
Also, as for BBPM-KOH, the portion at high pressure, the curve did not 
reach the limiting value, which can be related to type II isotherm. On the 
other hand, BBPM-ZnSO4 and BBPM-MgCl2 samples show curves closer 
to type IV (IUPAC) [29], with evident hysteresis, typical of mesoporous 
materials with pore width between 2 nm and 50 nm. 

The differences in the pore structure indicated by the N2 isotherms 
are also reflected in the pore size distribution curves (see supplementary 
Fig S1). For example, BBPM-KOH exhibits large quantities of small 
mesopores (3.74–4.06 nm) and micropores centered at 1.79 nm, 
whereas BBPM-ZnCl2 has a sharp peak at 1.74 nm, which signifies a 
microporous material. 

The N2 isotherms for BBPM-ZnSO4 and BBPM-MgCl2 do not have 
microporous characteristics (as suggested). The BBPM-ZnSO4 shows a 
sharp peak at 3.76 nm and fractions of mesopore in the range of 
4.5–14.3 nm, while BBPM-MgCl2 presents a peak at 3.84 nm and frac-
tions of big mesopores between 24 and 49 nm (not shown). The differ-
ence in the pore size distribution of BBPM samples effectively affects the 
SSA and thereby the AMP adsorption as the adsorption of a sorbing 
species partly depends on the pore sizes [6,24,30]. 

Table 1 shows the Specific Surface Area (SSA), area of micropores 
(AMicro), and mesopore area (AMeso) of the BBPM samples; as can be seen, 
the sample activated with KOH exhibited the highest SSA value, fol-
lowed by ZnCl2, ZnSO4, and MgCl2. Furthermore, the SSA values match 
with the total amount of adsorbed N2 (see Fig. 1). Thus, it is clear that 
the chemical activator significantly influences the textural properties, 
which can also effectively influence the adsorption properties. Kopac 
et al. [4] reported that different types of biomass, chemical activation, 
and pyrolysis conditions strongly influence SSA values of the biobased 
carbon materials. For instance, Akasaka et al. [5] prepared carbon ma-
terials from waste coffee beans under different activation methods and 
obtained carbon materials with SSA ranging from 780 to 1500 m2 g− 1, 
where the highest SSA value was reached with KOH activation. 
Umpierres et al. [6] employed tucumã (Astrocaryum aculeatum) seed as 
a precursor to making carbon materials activated ZnCl2. The authors 
reported that both chemicals simultaneously provide excellent textural 
with SSA reaching 1382 m2 g− 1. Thue et al. [26] employed tucumã 
(Astrocaryum aculeatum) seed as a precursor to making carbon materials 
combining ZnCl2/NiCl2 as chemical activators. The authors reported 
that both chemicals simultaneously provide excellent textural with SSA 
reaching 1281 m2 g− 1. 

The differences in SSA values in Table 1 are related to the different 
activation mechanisms based on each chemical activator. For instance, 
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KOH activation consists of several steps during the pyrolysis process- 
based solid-liquid reactions because potassium hydroxide is diluted in 
water. Above 700 ◦C, potassium metallic is formed and may enhance the 
porosity; the metallic ion K+ may act as a catalyst for gasification re-
actions, which helps to form and develop pore structures [31,32]. Also, a 
K intercalation process can occur; K ions may go between graphene 
layers of the BBPM, which widen the BBPM pore network and strain the 
structure. At high temperatures (e.g., 900 ◦C, the carbon network is so 
strained that it bursts, which potentializes the pore formation and rea-
ches very high SSA values. 

Activation with ZnCl2, as a Lewis acid, is a potent dehydrating re-
agent as it catalyzes the decomposition of lignocellulosic compounds. 
This activation involves dehydration, depolymerization, and ring- 
opening [32–34]. ZnCl2 is an efficient catalyst for C-O and C-C bonds 
scission. Moreover, during pyrolysis, ZnCl2 starts to melt at 290 ◦C and 
may, if evenly mixed with the biomass, reach the biomass’ interior. 

Increasing the pyrolysis temperature leads to thermal dehydration of the 
zinc oxide chloride hydrate that forms a gaseous phase of ZnCl2 and a 
solid phase of zinc oxide. The gaseous phase of ZnCl2 is diffused through 
the carbonaceous structure to develop the pore network [33,34]. 

Activation with ZnSO4, zinc sulfate reacts with biomass during py-
rolysis, inhibiting hemicellulose and promoting cellulose degradation 
[35]. Then, cellulose degradation becomes the primary reaction in the 
activation process. As zinc sulfate starts melting at 100 ◦C, it more easily 
reaches the cellulose and promotes the heating transfer, increasing 
cellulose degradation and further developing the porous materials’ pore 
network. However, very few studies have dealt with ZnSO4 and biomass 
activation; therefore, additional and deeper analysis needs to be carried 
out to understand the inner mechanism of how ZnSO4 influences the 
pore formation during the biomass pyrolysis. 

Activation with MgCl2, like ZnCl2, it is also a strong dehydrating 
reagent. First, when MgCl2 powder and biomass are mixed with water, a 
hydrating product (MgCl2.6H2O) is formed [36–38]. Between 100 ◦C 
and 300 ◦C, it undergoes partial dehydration forming Mg(OH)Cl [36, 
37]. Above 375 ◦C, formaldehyde and furfural are released, which 
means that depolymerization of cellulose occurs [36–38]. At tempera-
tures higher than 600 ◦C, MgCl2 decomposes directly to MgO to leave 
MgO particles within the pyrolyzed carbon matrix. MgO particles have 
an essential role in the activation process of biomass because magnesium 
oxide particles cannot be aggregated, and the final porous structure of is 
formed [37,38]. 

It is crucial to mention that the actual porosity, pore structures, and 
SSA are reached when the pyrolyzed samples are washed with HCl under 
reflux [39,40]. The HCl is responsible for extracting the inorganics from 
the pyrolyzed biomass structure, leaving voids, cavities, and pores to 

Fig. 1. Nitrogen adsorption-desorption isotherms for BBPM samples.  

Table 1 
Textural properties of the BBPM samples.  

Samples SSA (m2 

g− 1) 
AMicro (m2 

g− 1) 
AMeso (m2 

g− 1) 
Pore volume 
(cm3 g− 1) 

Pore size 
(nm) 

BBPM- 
KOH  

2209  1710  499  1.49  2.70 

BBPM- 
ZnCl2  

1018  562  456  0.56  2.22 

BBPM- 
ZnSO4  

467  303  164  0.47  4.00 

BBPM- 
MgCl2  

98  6  92  0.31  12.9  
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form a well-developed porosity in the BBPM samples [39,40]. 

3.1.2. Scanning electron microscopy (SEM) 
SEM analysis of BBPM helps illustrate the correlation between the 

chemical activation method and BBPM morphologies and the AMP 
adsorption performance. The SEM images (Fig. 2) confirm that the 
chemical activation agents provoke significantly different features of the 
BBPM surface; this strongly suggests that BBPMs can be easily modified 
by simply varying the type of chemical activator in combination with the 
pyrolysis process. The BBPM-KOH exhibits a sponge-like and extremely 
rough structure with many holes, cavities, and large macropores. This 
appearance suggests well-developed porosity and confirms the results of 
the textural and SSA analyses. The ZnCl2-synthesized BBPM exhibits a 
broken and dense structure with holes and craters of different sizes and 
shapes, whereas preparation yields structures with smaller particles 
than the KOH- and ZnCl2–activated samples - in addition, tiny holes are 
observed for the ZnSO4-activated samples. 

3.1.3. Raman spectroscopy (ID/IG) 
Raman spectroscopy was carried out to analyze the degree of order/ 

disorder and ratio of graphitization of the fabricated BBPM samples. The 
Raman spectra measured the ID/IG bands ratio [25,30] (see Supple-
mentary Fig. S1). The lower ID/IG ratio implies that the carbon materials 
present orderly graphite structures with a high graphitization ratio. 
Conversely, a higher ID/IG ratio reveals the formation of amorphous 
carbon materials [25,30]. Supplementary Fig. S1 also showed that the 
chemical agent caused important differences in the carbon structures; 
ZnSO4 and MgCl2 exhibited the lowest (ID/IG) and therefore the highest 
graphitization degrees and more ordered structures, while ZnCl2 and 
KOH had the highest values (highly disordered structures). 

3.1.4. X-ray photoelectron spectroscopy (XPS) 
The chemical states of the BBPM samples were analyzed using XPS. It 

was utilized to comprehend further the chemical treatments’ effects on 
the biobased porous spruce bark materials composition. 

Fig. 3 shows XPS spectra concerning C1s and O1s, respectively [25, 
38,41]. The sample activated with ZnSO4 showed sulfur peaks. The 
deconvolution of the C1s spectrum shows that all BBPM samples present 
C––C (of graphitic/aromatic groups), C-C (hydrocarbon ~ 284.3 eV), 
ester or carboxylic acid O––C–O (~289.1 eV), carbonyl C-O 
(~287.5 eV), C-O in phenolic or alcohols or ether groups (~286.5 eV). It 
is essential to highlight that graphitic carbon is the primary constituent 
[25,41]. 

O1s spectra were deconvoluted to three oxygen chemical states with 
binding energies at around 530,8–531,2 eV, 532,6–533,1 eV, 
534,8–536,3 eV. These binding energies could correspond to oxygen 
singly bonded to carbon in aromatic rings, in phenols and ethers 
(533.2–533.8 eV), or to oxygen double-bonded with carbon in carbonyl 
and quinone-like structures (530,8–531,2 eV) [25,41,42], confirming 
the presence of some functional groups on the ACs’ surfaces. 

O 1s deconvolution spectra show four prominent peaks (KOH has 
shown only three bands). The peaks at around 530 eV are assigned to the 
oxygen singly bonded to carbon in aromatic rings, in phenols and ethers 
present on BBPM surfaces, whereas at 531 eV can be related to the ox-
ygen double bonded to carbon. The peak at around 532–533 eV is 
attributed to the oxygen linked to carbon by a single bond, and that at 
535–537 eV are attributed to oxygen from adsorbed water molecules 
[25,41,42]. 

The high-resolution S 2p can be fitted to four peaks, where the two 
peaks located at 163.9 and 165.1 eV were assigned to C–S bonding, one 
located at 162.5 eV attributed to thiophene sulfur, and one located at 
168.6 eV referred to oxidized sulfur [43]. The sulfur covalent bond in 
the carbon matrix can provide a more polarized carbon surface which 
could positively affect the adsorption properties by electrostatic 
attraction [43]. 

The quantitative data from XPS analysis is shown in Supplementary 

Table 2. A variation on the C content in the BBPM samples is observed, 
whereas KOH presented the lowest C content (86.6%), while the O 
content showed the largest content (10.5%). The highest O1s content on 
BBPM-KOH suggests that this carbon-based material presents a more 
oxygenated chemical function than the other carbon materials, espe-
cially for functional groups related to C-O-C, C-OH, and C––O. On the 
contrary, the other activator agents yielded carbon materials with very 
high carbon content and fewer oxygen functionalities on their surfaces. 

3.1.5. Hydrophobic-hydrophilic balance (HI) 
The surface characteristics of the BBPM samples were also analyzed 

by two solvent vapors adsorption with different polarities, water (polar) 
and n-heptane (non-polar) [8,25,30,44]. The hydrophobic-hydrophilic 
ratio (HI) of a material suggests its tendency in adsorbing compounds 
that are organic or water-based [8,25,30,44]. The ratio of n-heptane to 
water uptake, in mass, for the four BBPM samples are presented as fol-
lows 1.19, 1.11, and 1.23 and 3.46 for KOH, ZnCl2, ZnSO4and MgCl2, 
respectively. The first three have shown similar values, whereas the 
porous material activated with MgCl2 has a much higher HI (3.46). Thus, 
the MgCl2 has a more hydrophobic surface, which affects the AMP 
adsorption process. 

The hydrophobic/hydrophilic behavior depends on the number of 
functional groups present on the AC’s surface, the AC’s aromatization 
rate, and the chemical nature of the biomass precursor [14,25,35]. 

3.1.6. Water vapor adsorption 
The water vapor adsorption isotherms for the BBPM samples show 

that the chemical agents yielded dissimilar water vapor adsorption- 
desorption curves (see supplementary Fig. 3). KOH, ZnCl2, and ZnSO4- 
activated BBPMs present curves close to type IV, while the BBPM- MgCl2 
is closer to type I. Type IV isotherm describes the adsorption by a 
swellable hydrophilic solid until maximum hydration of sites is reached 
[45]. For type I, a high vapor uptake occurs under low relative humidity 
[45]. Although the isotherms of KOH, ZnCl2, and ZnSO4 samples are 
similar, the hysteresis’s shape, form, and size are slightly different, 
indicating that the chemical activators influence the BBPM character-
istics in different ways. 

The water vapor adsorption is not solely influenced by the textural 
properties of the carbon materials; instead, its chemical properties are of 
higher importance [26]. However, high SSA and pore size distribution 
can optimize the water adsorption because a higher SSA can maximize 
the contact between the water and the carbon material; also, bigger 
pores in the range of mesoporosity are wide enough to facilitate the 
penetration of the water molecules in the interior of the solid and 
therefore increase the adsorbed volume. In this sense, the samples with 
the highest SSA also presented the highest water uptake. However, KOH 
and ZnCl2 displayed almost the exact change in mass (adsorbed water 
amount), but BBPM-KOH exhibited a much high SSA; this suggests that 
water vapor sorption does not depend on one specific material property 
but several factors such as surface chemistry, hydrophilicity, SSA, and 
pore size distribution [26,30] (Fig. 4). 

3.2. Adsorption study 

3.2.1. Effect of pH of acetaminophen solution on its adsorption process 
The initial pH of the adsorbate solution is a critical factor in the 

adsorption process since it influences both the existing adsorbate solu-
tion speciation and the adsorbent’s surface charge [46]. 

Fig. 5 shows the q vs. the initial pH of acetaminophen solution. For 
pH values 3–9, the q values were practically constant. These outcomes 
suggest that the primary adsorption mechanism acting for acetamino-
phen onto BBPM samples could not be an electrostatic mechanism 
because it is independent of pH value [5,7,8,46]. Instead, pore-filling 
should be the most dominant mechanism of adsorption, which will be 
discussed later. 

The literature corroborates these results: Nguyen et al. [46] 
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Fig. 2. SEM micrographs of BBPM samples.  
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Fig. 3. XPS analysis for BBPM-KOH (a), BBPM-ZnCl2 (b), BBPM-ZnSO4 (c), and BBPM-MgCl2 (d).  

G.S. dos Reis et al.                                                                                                                                                                                                                             



Colloids and Surfaces A: Physicochemical and Engineering Aspects 642 (2022) 128626

8

employed commercial AC in the acetaminophen adsorption. The pH was 
varied from 2 to 10 and found that the adsorption capacity was kept 
practically constant within this pH interval. Therefore, no pH influence 
was reported. Saucier et al. [47] reported the same results and 
conclusions. 

Based on the pH studies, further adsorption experiments were carried 

out with acetaminophen solutions with pH 6.0 (pH of the used deionized 
water); therefore, it was unnecessary to make any pH adjustments when 
the solution pH is within 3.0–9.0. The same goes for synthetic effluents. 

3.2.2. Kinetic of adsorption 
The kinetic process was evaluated in this work by applying three 

adsorption kinetic models (pseudo-first-order, pseudo-second-order, 
General order) to describe the intrinsic adsorptive constants mathe-
matically. The contact time was evaluated up to 180 min at an initial 
500 mg L− 1 of AMP. Fig. 5 shows kinetic curves for the four BBPM. It 
shows that the adsorption process occurred extremely fast, with the 
equilibrium being reached at the very first minutes for all four samples 
(see Fig. 5). The highly rapid adsorption at the first minutes of the ki-
netic is due to the abundant available active sites that easily adsorb AMP 
molecules on either surface and pore structures of the BBPM samples. 
These results suggest that all BBPM samples had a very high affinity to 
AMP. 

Also, at 500 mg L− 1 AMP, a high abundance of active sites exist that 
need to be fulfilled; this leads to a high driving force for the mass transfer 
from the bulk solution to the BBPM surfaces, resulting in extremely fast 
adsorption [46,47]. What could explain the fastness in the adsorption 
rate of AMP on BBPM samples and the vast presence of sites of ad-
sorptions are the porosity, presence of functional groups on the BBPM 
surfaces, and hydrophobicity-hydrophilicity data of the BBPM samples; 
AMP molecule has a maximum diagonal length of 0.88 nm [46,47], and 
all BBPM samples have well-developed micro and mesoporosity, and 
with high pore volumes [46,47], this makes more accessible to the AMP 
molecule be accommodated into the pores of the BBPM samples. 

In addition, AMP has a dipole moment of 3.63 Debye, HLB 

Fig. 4. Effect of initial pH on the acetaminophen sorption capacity. Adsorption 
experimental conditions: the initial adsorbate concentration was 1000 m L− 1, 
contact time of 120 min; a temperature of 23 ◦C; adsorbent dosage of 1.5 g L− 1, 
initial pH adsorbate solution 3.0–9.0. 

Fig. 5. Acetaminophen kinetics of adsorption curves onto BBPM-KOH (a) BBPM-ZnCl2 (b) BBPM-ZnSO4 (c) BBPM-MgCl2 (D). Condition: Initial pH of 6.0, 1.5 g L− 1 

adsorbent dosage, 23 ◦C. 
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(Hydrophilic-lipophilic balance) of 6.53–9.53, showing that AMP has a 
predominantly hydrophilic behavior [46,47] with an intermediate af-
finity to water and has some affinity to polar groups such as -OH, C––O, 
O-C––O, and -NH present on BBPM surfaces. The hydrophilic groups 
present on BBPM surfaces improve the wettability of the BBPM structure 
and the access of the acetaminophen to the active sites of the BBPMs. 
Also, it is essential to highlight that the pores and interconnect porous 
structures of the carbon-based materials present active sites, allowing a 
fast and efficient adsorption process. 

Table 2 shows the parameters of the kinetic models used to fit the 
experimental data. The models’ fitness was evaluated according to the 
adjusted determination coefficient (R2

adj), and standard deviation of 
residues (SD). Lower SD and higher R2

adj values indicate a smaller dif-
ference between experimental and theoretical q values (given by the 
models) and therefore have the best suitable model. Based on these 
parameters, the General order model had the highest R2

adj and lowest SD 
values for all four carbons (see Table 2). 

The general order kinetics describes that the order of the adsorption 
process should be the same as that of a chemical reaction [6,26]. In a 
chemical reaction, the reaction order is measured experimentally [6, 
26]. The general order kinetic equation presents different values for n 
(order of adsorption rate) when the concentration of the adsorbate is 
changed, making it difficult to compare the kinetic parameters of the 
model [6,26]. So, t0.5 and t0.95 were used to compare the kinetics of 
adsorption of acetaminophen on biochars [6,26]. t0.5 is the time to 
obtain half of saturation (qe) in the kinetic results, t0.95 was the time to 
obtain 95% of the saturation (qe). t0.5 and t0.95 were calculated and 
shown based on the best fitted model (General order). 

The characteristic adsorption of the AMP on all BBPM samples pre-
sented similar behaviors but with differences in the times. For BBPM 
samples, the calculated t0.5 and t0.95 from the general order kinetic 
model showed that 50% and 95% of equilibrium sorption capacity were 
obtained at 0.1750 and 1.111 min (BBPM-KOH), 0.08747 and 
2.408 min (BBPM-ZnCl2), 0.1060 and 1.992 (BBPM-ZnSO4), and 
0.03431 and 4.086 (BBPM-MgCl2). Rapid adsorption of the AMP on all 
four BBPM indicated a high affinity between the adsorbate molecules 
and the BBPM surface. 

Adsorption of AMP by the BBPM samples is a multi-step process. This 

process involves transporting AMP molecules from the solution phase to 
the BBPM’s surfaces and then AMP diffusion into BBPM’s pores. Since 
BBPM samples are porous materials, the intraparticle diffusion curves 
further explored the fast and efficient AMP adsorption. Supplementary 
Fig. 4 shows the plots of qt versus √t for all four BBPM samples. The 
BBPM-KOH and BBPM-MgCl2 presented only one stage of the rate of 
adsorption. Therefore, this stage can be assigned as the combination of 
the diffusion of the AMP molecules to the BBPM surfaces and the 
intraparticle diffusion, which both were extremely fast, reaching the 
equilibrium at the very first minutes. On the other hand, BBPM-ZnCl2 
and BBPM-ZnSO4 presented two stages, where the first can be related to 
boundary diffusion and intraparticle diffusion into the adsorbent pores, 
which is faster in the BBPM- ZnCl2 sample, which may be due to the 
higher number of mesopores that could offer less resistance to liquid 
penetration when compared to the micropores. In the second stage, the 
acetaminophen was adsorbed and diffused into the interior site of the 
BBPM samples until attaining equilibrium. 

3.2.3. Equilibrium of adsorption 
The presentation of adsorption isotherm has enormous significance 

in understanding and designing an efficient adsorption process. There-
fore, among several models, Langmuir, Freundlich, and Liu isotherms 
were chosen to evaluate the AMP fitness onto BBPM samples. 

As for the kinetic studies, R2
adj and SD values were used to evaluate 

the suitability of the isotherm models. Therefore, Liu was found to be the 
best model for AMP adsorption on BBPM samples. It was, therefore, used 
to describe the relationship between AMP and the PPBM adsorption 
system. This isotherm model can be applied to both homogenous and 
heterogeneous systems, and it has a hybrid adsorption mechanism, 
which does not follow ideal monolayer adsorption. This is highlighted 
because Freundlich did not provide a good fit for the experimental 
adsorption data (see supplementary Fig. 5 and Table 3). This suggests 
that the adsorption process of acetaminophen on the three biochars was 
more homogenous than heterogeneous. 

The maximum adsorption capacities (Qmax) were 752.7, 429.6, 364.8 
and 321.2 mg g− 1 for BBPM-KOH, BBPM-ZnCl2, BBPM-ZnSO4, and 
BBPM-MgCl2, respectively. Obviously, the porous material treated with 
KOH presented the best performance compared to the others; it seems 
that the SSA played a huge influence on the AMP adsorption process 
since the samples with the highest SSA values also had the highest 
sorption capacities. However, if it is paid attention in detail, the SSA was 
not the only factor that influenced the Qmax because BBPM-KOH has an 

Table 2 
Kinetic parameters of acetaminophen adsorption onto BBPM samples.  

Model Acetaminophen initial concentration 

(500 mg L− 1) 

BBPM- 
KOH 

BBPM- 
ZnCl2 

BBPM- 
ZnSO4 

BBPM- 
MgCl2 

Pseudo-first order         
q1 (mg g− 1)  332.5  284.9  203.1  116.9 
k1 (min− 1)  62.51  53.64  38.82  2.400 
R2  0.9960  0.9885  0.9837  0.9954 
R2

adj  0.9954  0.9873  0.9820  0.9949 
SD (mg g− 1)  7.515  9.312  7.922  2.406 
Pseudo-second 

order         
q2 (mg g− 1)  334.1  289.0  205.9  117.6 
k2 (g mg− 1 min− 1)  0.04539  0.03077  0.04578  0.0741 
R2  0.9996  0.9981  0.9920  0.9972 
R2

adj  0.9995  0.9969  0.9913  0.9969 
SD (mg g− 1)  2.481  3.826  5.531  1.877 
General order         
qn (mg g− 1)  335.1  289.9  412.8  119.9 
kn (min− 1 (g 

mg− 1)n− 1)  
0.7467  0.01216  0.002654  0.001850 

n  1.305  2.222  43.51  3.108 
t0.5  0.1750  0.08747  0.1060  0.03431 
t0.95  1.111  2.408  1.992  4.086 
R2  0.9997  0.9981  0.9988  0.9979 
R2

adj  0.9996  0.9977  0.9985  0.9975 
SD (mg g− 1)  2.206  3.817  5.012  1.696  

Table 3 
Equilibrium parameters of acetaminophen adsorption onto BBPM samples.  

Model Bio-based carbon materials samples 

BBPM- 
KOH 

BBPM- 
ZnCl2 

BBPM- 
ZnSO4 

BBPM- 
MgCl2 

Langmuir         
qe (mg g− 1)  571.0  411.1  363.0  222.5 
k1 (min− 1)  0.6483  0.1933  0.02142  0.03435 
R2  0.9532  0.9904  0.9570  0.9383 
R2

adj  0.9474  0.9893  0.9522  0.9322 
SD (mg g− 1)  49.85  15.81  29.46  21.22 
Freundlich         
kF ((mg g− 1)(mg 

L− 1)− 1/nF)  
248.3  143.3  41.55  51.47 

nF (dimensionless)  5.774  5.161  2.847  4.460 
R2    0.9322  0.9811  0.9741 
R2

adj  0.9739  0.9247  0.9791  0.9715 
SD (mg g− 1)  37.27  41.96  19.50  13.76 
Liu         
Qmax (mg g− 1)  752.7  429.6  364.8  321.2 
Kg (L mg− 1)  0.1523  0.1651  0.1330  0.08610 
nL (dimensionless)  0.4128  0.7922  0.4759  0.4343 
R2  0.9903  0.9949  0.9840  0.9863 
R2

adj  0.9880  0.9936  0.9800  0.9832 
SD (mg g− 1)  23.83  12.17  19.00  10.54  
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SSA of 2209 m2 g− 1 while BBPM-MgCl2 has only 98 m2 g− 1, an SSA 
roughly 22 times higher; however, Qmax for BBPM-KOH is only 2.3 times 
higher compared to the Qmax of BBPM-MgCl2, this strongly suggests that 
the surface chemistry also played a huge role on the AMP adsorption 
onto BBPM-MgCl2. The same for BBPM-ZnSO4 presented an SSA of 
467 m2 g− 1 and a Qmax of 344 mg g− 1, almost the same as BBPM-ZnCl2, 
which has more than one double of SSA value (1018 m2 g− 1). 

The FTIR and XPS results support the information that BBPM-ZnSO4 
and BBPM-MgCl2 showed more functionalities on their surfaces. In 
addition, something that should be pointed out is that BBPM-MgCl2 
showed to be much more hydrophobic than others (see Fig. X); this could 
also have influenced the AMP adsorption performance. 

3.2.4. Acetaminophen adsorption: comparison with literature 
In this work, previous acetaminophen adsorption studies strongly 

indicated that the spruce bark carbon materials presented efficient re-
movals from aqueous solutions. Although the nature of every carbon 
material is different, and each one has its own merits and demerits, 
supplementary Table 2 provides a comparison data between our carbons 
with others found in the literature [7,46–52]. It is essential to point out 
that in each work presented in the supplementary Table 2, its Qmax 
values were acquired through the best-optimized experimental 
conditions. 

As can be seen, among all sorbents, the BBPM-KOH presented the 
highest adsorption capacity, followed by BBPM- ZnCl2 that presented 
the second highest values among all adsorbents, showing competitive-
ness in removing emerging pollutants from waters and possibly many 
other organic and inorganic compounds from wastewaters. It is well 
known that SSA strongly influences the adsorption of emerging pollut-
ants. However, the carbon material with the highest SSA did not present 
the highest Qmax. On the other hand, BBPM-KOH displayed the second- 
highest SSA and the highest Qmax for acetaminophen values. 

Interestingly, (BBPM- MgCl2) [resented the second-lowest SSA values 
among the sorbents presented in supplementary Table 2 (98 m2 g− 1) but 
yet so, presented one the highest Qmax. This highlights that although SSA 
is a crucial parameter in the adsorption process, it is not the only one 
that influences the process, but also the surface groups, pore size, vol-
ume, etc. 

3.2.5. Acetaminophen mechanism of adsorption 
Based on the physicochemical properties of the BBPM materials such 

as SSA and porosity, pore size distribution, HI results, surface func-
tionalities, and adsorption data (initial pH solution, the kinetics of 

adsorption, and equilibrium studies), it is possible to state the possible 
mechanisms that are acting in the AMP adsorption onto BBPM adsor-
bents (see Fig. 6). 

Based on the pH study results, the electrostatic attraction was not the 
major contributor to the AMP removal since it depends on the pH. 
However, since the BBPM materials showed to be hydrophobic and to 
have many functional groups on their surfaces, some interactions such as 
hydrogen bonds, π–π interactions, hydrophobic interactions (van der 
Walls), of the functional groups of the acetaminophen with the groups of 
the BBPM occur [46,47]. 

Considering the above considerations, the pore-filling process due to 
the well-developed pore structure and elevated SSA values contributed 
more to the AMP adsorption onto the BBPM. In addition, the pore-filling 
mechanism was maximized due to the dimensions of the acetaminophen 
molecule (1.19 nm (length), 0.75 nm (width), and 0.46 nm (thickness)); 
it is expectable it can easily access the wider and some of the narrower 
micropores as well as mesopores. 

3.2.6. Regeneration studies 
The BBPM samples were also subjected to regeneration studies. The 

samples were subjected to four adsorption-desorption cycles. All four 
BBPM samples were saturated with 100% of their capacity with an 
adsorbent dosage of 1.5 g L− 1

, and two eluents were employed in the 
adsorption cycles (solutions of 0.1 M NaOH + 20% EtOH and 0.25 M 
NaOH + 20% EtOH) [7,47]. 

Fig. 7 shows that the eluent 0.1 M NaOH + 20% EtOH resulted in a 
better cyclability efficiency. On the other hand, the lower efficiency for 
the 0.25 M NaOH + 20% EtOH eluent could be explained because the 
higher concentration of NaOH could compete with the acetaminophen 
molecules, which can cover the BBPM surfaces and get trapped into their 
small pores. 

With the eluent 0.1 M NaOH + 20% EtOH, the 2nd cycle adsorbed 
roughly 80% of the acetaminophen, the 3rd cycle removal was 
approximately 70%, while in the 3rd cycle, the removal was below 50% 
for all four samples. This decrease can be caused by acetaminophen 
molecules seized in the smaller pores of the BBPM, which then are 
difficult to remove by the eluent [7,47]. 

Based on the above results, the BBPM exhibited good reusability 
even after 3rd cycle. However, further experiments and testing of 
different eluents could help the BBPM reach even higher adsorption 
performances after three or more cycles. 

Fig. 6. Mechanism of adsorption for acetaminophen on BBPM structure.  
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3.2.7. Synthetic wastewater treatment tests 
Since the BBPM materials were successfully employed in the acet-

aminophen removal, we also employed them to remove synthetic ef-
fluents. Therefore, it was expected that the BBPM samples could be 
effectively applied in treating wastewaters composed of similar com-
pounds found in effluents of drugs industries. For that, two synthetic 
effluents composed of seven drugs and other organic and inorganic 
compounds (see supplementary Table 1) were employed to test the ef-
ficiency of the BBPM samples to clean them up (see Fig. 8). 

The calculation of the percentage removal was done taking into ac-
count the areas under the UV–vis spectra from 190 to 400 nm of the two 
synthetic effluents before and after the treatment [7] (see Fig. 8). 

The spectra curves show that all BBPM samples exhibited interesting 
percentage removals for both effluents: the percentage removal of 
effluent A were 91.9%, 87.3%, 81.5%, and 49.1% for KOH-BBPM, ZnCl2- 
BBPM, ZnSO4-BBPM and MgCl2-BBPM, respectively; while for the 
effluent B were 90.3%, 79.9%, 76.3%, and 40.2% for KOH-BBPM, ZnCl2- 
BBPM, ZnSO4-BBPM and MgCl2-BBPM, respectively. The percentage 
order followed the same as the acetaminophen adsorption and SBET area 
values. Thus, the above results strongly support the practical application 
of the biochars in treating real pharmaceutical wastewaters. 

4. Conclusion 

In summary, our study developed new porous carbon materials for 
efficient emerging pollutants removal through a facile and one-step 
activation method. Furthermore, using sustainable, low cost and abun-
dant biomass precursor (Norway spruce bark) to develop these novel 
porous carbon materials promoted the tenets of green chemistry. The 
characterization data proved that the different chemical agents pri-
marily affected the physicochemical properties. The evident influence of 

the chemical activators was observed on SSA values, KOH (2209 m2 

g− 1), ZnCl2 (1019 m2 g− 1), ZnSO4 (446 m2 g− 1), and MgCl2 (98 m2 g− 1). 
The activation of MgCl2 yielded three times more hydrophobic material 
than the other activation methods. The carbon materials were success-
fully employed to adsorb acetaminophen, and the samples with the 
highest SSA exhibited the best adsorption performances. The kinetics 
data indicated ultrafast acetaminophen adsorption equilibriums, equal 
to 1 min for KOH and MgCl2 and 15 min for ZnSO4 and ZnCl2. The 
adsorption mechanism suggests that the pore-filling mechanism mainly 
dominates the acetaminophen removal, although electrostatic attraction 
forces are also involved in the process. The BBPM regeneration studies 
showed good cyclability at around 70% in the 3rd cycle. The samples 
were also used to treat two synthetic effluents, which attained a removal 
percentage up to 91.9%. The results from this study strongly suggest that 
Norway spruce bark is a promising precursor for bio-based carbon ma-
terials with high efficiency in removing emerging pollutants from 
effluents. 

Future works  

(i) To study the effect of pyrolysis parameters (temperature and 
holding time) and the effect of chemical activator amount (ratio 
between biomass precursor and chemical activator) on BBPM 
properties because synergetic effects between these parameters 
can play a significant role on the physicochemical properties of 
the carbon materials as well as on their adsorption performance, 
the generation of synergistic effects and the understanding of 
their functional mechanisms need to be further examined. 

(ii) The other selection of suitable biomass sources and the devel-
opment/optimization of corresponding cost-effective synthesis 

Fig. 7. Cycles of adsorption of acetaminophen on BBPM-KOH (a), BBPM-ZnCl2 (b), BBPM-ZnSO4 (c) and BBPM-MgCl2 (d).  
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methods to achieve high-performance biomass-derived carbon 
materials and their chemical activators.  

(iii) The exploration of possible opportunities for not only spruce bark 
carbon materials but any kind of biomass-derived carbon mate-
rials to obtain sustainable, versatile, and efficient carbon mate-
rials for environmental and a wide range of other applications. 
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