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Abstract
In the present study, high-quality activated carbons (ACs) were prepared from a mixture of olive stones and olive mill 
wastewater (OMWW) through successive hydrothermal carbonization (HTC) and potassium hydroxide (KOH) activation. 
Textural, morphological, and chemical characteristics of hydrochar (HC) and derived ACs, produced using two KOH/HC 
ratios (2 and 4), were investigated. KOH activation improved the porous structure of HC and its surface functionality. The best 
properties were obtained for HC activated by KOH at a ratio of 2 exhibiting a promising surface area (≈1000 m2/g) and high 
adsorptive properties towards methylene blue and iodine (617 and 1203 mg/g, respectively). Batch tests were performed to 
explore the ability of the produced ACs in removing phenolic compounds (PCs) from OMWW, while investigating the effect 
of contact time, pH, and PCs initial concentration on the adsorption process. The higher removal efficiency was obtained 
at a pH of 10 after ~ 4 h of contact time. The adsorption kinetic data are well described by the pseudo-second-order kinetic 
model, while the isotherm adsorption data were found to fit both Langmuir and Freundlich isotherm models. HTC of olive 
mill wastes followed by KOH activation could be a promising method to produce AC with high porosity and promising 
potential to remove PCs from OMWW.

Keywords  Olive mill wastewater · Olive stones · Hydrothermal carbonization · Hydrochar · Activated carbon · Phenolic 
compounds

1  Introduction

Activated carbon (AC) is a solid material characterized by 
an extensive specific surface area, a developed porosity, and 
a high adsorption capacity toward pollutants, which allows 
its use in a wide range of industrial and environmental appli-
cations. The use of agricultural by-products, as a low-cost 
and available biomass for AC production, is a promising 

way for their management bringing benefits with respect 
to economic, social, and environmental considerations [1, 
2]. Pyrolysis and/or gasification are conventionally used 
as thermochemical processes applied to convert biomass 
into AC with enhanced physicochemical properties and 
high adsorption capacity. A pre-drying step is, however, 
required before pyrolysis to remove moisture from the start-
ing biomass [3]. Alternatively, hydrothermal carbonization 
(HTC) has recently received increasing attention due to its 
efficiency to convert wet biomass into a carbon-rich resi-
due, referred to as hydrochar (HC), at relatively high yields 
by involving a series of simultaneous reactions, including 
hydrolysis, dehydration, decarboxylation, aromatization, 
and recondensation [4, 5]. During HTC reaction, biomass 
is treated at temperatures varying from 180 to 250 °C and 
under sufficient pressure to keep water in the liquid form 
[6]. At these conditions, described as the subcritical water 
medium, the physicochemical properties of water change 
significantly; the dielectric constant of water becomes much 
lower than at ambient temperature, making water comport 
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as a non-polar solvent, which enhances hydrolysis [7, 8]. As 
compared to high-temperature thermochemical processes, 
HTC operating at relatively low temperatures is character-
ized by lower activation energy exhibited during hydrolysis 
reaction, which could be due to the effect of the subcritical 
water medium that provide a unique medium for hydrolysis 
to efficiently convert the lignocellulosic compounds of the 
feedstock into hydrochar [9, 10]. In addition to the low reac-
tion temperature, HTC processes operate at a short time and 
a reduced equilibrium moisture content, making HTC the 
most sustainable conversion technique adapted to seasonal 
and wet wastes [11, 12].

Many applications of HC have been proposed includ-
ing its use as a solid biofuel [13] and as a soil amendment 
to improve soil properties and promote long-term carbon 
storage [14]. HC may also be explored as an adsorbent in 
removing pollutants in different environmental applications 
[15]. However, owing to its low content in functional groups 
and less developed surface area and porosity, a subsequent 
activation of HC via chemical or physical methods is neces-
sary [16]. Chemical activation using KOH as an activating 
agent is a well-known strategy to produce highly porous 
carbon materials; its application to hydrothermal carbons 
has been previously investigated [1, 17–19]. Many variables 
involved in the KOH activation process are reported affect-
ing the final AC properties, where the nature and origin of 
precursor, the activation temperature, and the KOH/HC ratio 
were selected as the most important ones. The activation 
temperature is largely studied and optimized to enhance the 
textural structure of the produced AC and its adsorption 
capacity [20, 21]. As previously discussed by Wu et al. [19], 
the reaction between KOH and carbon requires high energy. 
At low temperature (600 °C), only a small pore size and 
low surface area could be produced due to the incomplete 
reaction. At temperatures ranging from 700 to 800 °C, the 
reaction becomes more violent, leading to more pore forma-
tion and enhancement of AC surface area. Increasing the 
activation temperature up to 900 °C causes the collapse and 
destruction of pores and due to the severe thermal treatment; 
mesopores may increase while the surface area decreases 
[1, 22]. Regarding the effect of KOH/HC ratio, it has been 
reported as the crucial parameter involved in the chemical 
activation process, and hence, it is widely used as variable 
to enhance the adsorption capacity of AC prepared from 
different kind of starting precursors [23].

Chars from olive mill wastes (OMWs) and their derived 
ACs have been widely applied as adsorbents of several 
organic and inorganic contaminants [24]. Due to the high 
performance, increased research effort has recently per-
formed to properly implicate OMW-derived sorbents in 
the treatment process of OMWW, in accordance with the 
concept of circular economy. An integrated and innovative 
process has been conceived by Abid et al. [25] aiming at the 

development of a cost-effective and sustainable approach for 
the detoxification of OMWW. Authors proceed to the pyrol-
ysis conversion of olive mill solid wastes into biochar, which 
was then used to remove phenolic compounds (PCs) from 
OMWW. A removal efficiency of 63.16% has been reported 
under optimal conditions of pH 12, initial PCs concentra-
tion of 680 mg/L, adsorbent dosage of 15 g/100 mL, and 
pyrolysis temperature of 650 °C. AC produced by physical 
activation of olive pomace has also been successfully used 
for PCs sorption [26].

Interestingly is the valorization of both solid and liq-
uid OMWs in one stream to produce AC and its use as 
an adsorbent to remove PCs from OMWW. In the present 
study, AC was produced via successive HTC of a mixture 
of olive stones (OS) and OMWW and chemical activation 
of the produced HC using KOH as an activating agent at 
two different KOH/HC ratios. The HC and the HC-derived 
ACs were systematically characterized by thermogravimetric 
analysis (TG/DTG), Fourier transform infrared spectroscopy 
(FTIR), scanning electronic microscopy (SEM), elemental 
analysis CHNO, ultimate analysis, BET analysis, and MB 
and iodine adsorption tests. The adsorption of PCs on the 
OMW-derived ACs was investigated, and the effect of differ-
ent parameters such as contact time, OMWW, initial pH, and 
initial PCs concentration were assessed. Pseudo-first-order 
and pseudo-second-order models have been used to study 
the adsorption kinetic of PCs on ACs, while the prediction 
of the PCs adsorption was performed using the nonlinear 
Langmuir and Freundlich isotherm models.

2 � Experimental

2.1 � HC preparation

The raw material as employed consisted of a mixture of OS 
and OMWW. OS were provided by an olive oil production 
cooperative located in Marrakech-Morocco performing a 
system to separate crushed OS from the two-phase olive 
mill waste. In this study, the fraction of OS with a particle 
size between 2 and 3.15 mm was used. The main character-
istics of OS are 24.7% fixed carbon, 70.5% volatile matter, 
2.3% ash, 19.7% hemicellulose, 17.8% cellulose and 37.8% 
lignin. The used OMWW had values of  PCs, chemical oxy-
gen demand and total suspended solids of 3.4 g/L, 120 g/L 
and 5 g/L, respectively.

HTC experiments were carried out in a Prolabo 0.125-L 
non-stirred pressure reactor, equipped with a PID control-
ler and a pressure gauge. A known mass of OS mixed with 
OMWW at a liquid/solid ratio of 60% (w:w) was introduced 
into the reactor and the autoclave was heated from the room 
temperature to the set point 260 °C and hold at this tempera-
ture for 4.5 h. After cooling down, HC was separated from 
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the liquid suspension by vacuum filtration, washed with dis-
tilled water, and dried at 105 °C for 24 h.

2.2 � HC activation

The chemical activation of the produced HC was carried out 
using KOH (85–100.5% pure, 56.11 g/mol; Sigma-Aldrich) 
as an activating agent at two KOH/HC weight ratios; 2 and 4. 
The activation method is similar to that used by Ubago-Perez 
et al. [27] with few modifications. Initially, a known mass of 
HC was immersed in a KOH solution; the mixture was stirred 
for 2 h at 60 °C and dried at 105 °C until total evaporation. The 
impregnated and dried HC was placed into the reactor, which 
was then heated to 800 °C at a rate of 10 °C/min and kept 
for 1-h holding time under nitrogen flow (300 mL/min). After 
activation, the heating was turned off allowing the sample to 
cool down. The resulting carbon was washed thoroughly using 
1N HCl (37%; Carlo Erba) to remove the inorganic matter, fol-
lowed with hot-water washing until the water pH became neu-
tral. The washed carbon was then dried at 105 °C and stored 
before analysis. The resulting AC samples are denoted as HC-
AC-KOH2 and HC-AC-KOH4, where KOH2 and KOH4 cor-
respond, respectively, to KOH/HC activation ratios of 2 and 4.

2.3 � Characterization

The adsorption capacity of ACs towards iodine 
(99.5–100.5% pure, 253.81 g/mol; VWR, Germany) was 
determined using sodium thiosulfate (99.5%, 248.18; Rie-
del-de Han) volumetric method [28], while the capacity of 
ACs to adsorb MB (≥ 97.0% pure, 319.85 g/mol; Sigma-
Aldrich) was evaluated by spectrophotometric method at 
the maximum absorbance wavelength 660 nm [29]. Thermal 
gravimetric analysis (TGA) and its derivative (DTGA) were 
performed using a thermo-gravimetric analyzer (Labsys Evo 
TGA); TGA was performed by heating the HC sample at a 
rate of 10 °C/min to a temperature of 950 °C under an inert 
atmosphere. The surface morphology of the feedstock, HC, 
and ACs was examined by Philips XL-30 scanning electron 
microscopy, while the analysis of surface functional groups 
of samples was carried out using FTIR on a PerkinElmer 
spectrometer. Elemental analysis was carried out using 
an Elemental Analyzer Vario EL 3 instrument. The BET 
surface area (SBET) was determined by analyzing nitrogen 
adsorption/desorption isotherms at 77 K using Autosorb 1 
from Quantachrome and its value was obtained from the 
isotherms using Brunauer–Emmett–Teller (BET) model. 
The total pore volume (VT) was obtained from the specific 
adsorption of N2 at a p = p0 = 0.95. The micropore volume 
(Vmic) and the mean micropore width (L0) were determined 
using the Dubinin-Radushkevich equation applied to N2 
adsorption data. The concentration of PCs before and after 

adsorption was determined by Folin-Ciocalteu technique at 
760 nm [30].

2.4 � Adsorption experiments

Batch experiments were performed to assess the perfor-
mance of the prepared ACs in removing PCs from OMWW. 
2 g of each AC sample was introduced into a 150-mL coni-
cal flask containing 100 mL of decanted OMWW with a 
concentration of total PCs equal to 50 mg/L. For the kinetics 
study of PCs adsorption onto ACs, the mixture was agitated 
at 150 rpm at predetermined times (0.5, 1, 1.5, 2, 3, 4, 8, 
24 h) using a rotary shaker. At the end of each experiment, 
the samples were filtered using a 0.45-μm filter, and the fil-
trates were analyzed for residual PCs concentration. Univari-
ate experiments were also performed to evaluate the effect 
of OMWW initial pH (2–10) on the PCs removal. The effect 
of PCs initial concentration on the ACs’ adsorption capacity 
was investigated by using different initial PCs concentrations 
(50, 100, 200, 300, 400, and 500 mg/L). After equilibrium 
time, determined by kinetic study, samples were filtered and 
analyzed for residual PCs concentration.

The AC adsorption capacity (Qe) was calculated using 
Eq. (1):

where Ce and C0 are the equilibrium and the initial concen-
tration (mg/L) of PCs, respectively; m (g) is the amount of 
AC; V (mL) is the volume of OMWW.

To investigate the best-fit model for the adsorption 
kinetic, non-linear forms of pseudo-first-order and pseudo-
second-order kinetic models have been used. In the pseudo-
first-order model Eq.  (2), it is assumed that the rate of 
adsorption is proportional to the concentration of adsorbate 
[31]:

where Qe is the equilibrium adsorption capacity (mg/g), Qt 
is the adsorption capacity at time t (mg/L), and k1 is the 
pseudo-first-order rate constant (min−1).

The pseudo-second-order model, represented by Eq. (3), 
is based on the assumption that the adsorption is mainly 
controlled by chemisorption mechanism [32]:

where Qe is the equilibrium adsorption capacity (mg/g), Qt 
is the adsorption capacity at time t (mg/g), and k2 is the 
pseudo-second-order rate constant (g/mg min).

(1)Qe =

(

C0 − Ce

)

× V

m

(2)Qt = Qe

[

1 − e−k1t
]

(3)Qt =

k2Q
2
e
t

1 + k2Qet
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Experimental date corresponding to the adsorption of 
PCs on ACs were analyzed using Langmuir and Freundlich 
isotherm models. Langmuir isotherm model, represented by 
Eq. (4), assumes that adsorbate is forming a monolayer on 
surface of adsorbent exhibiting a finite number of homog-
enous sorption sites [33]:

where kL is the Langmuir constant indicating to the strength 
of interaction between adsorbate and adsorbent surface and 
Qm is corresponding to the maximum adsorption capacity 
of ACs.

Unlike Langmuir model, Freundlich equation (Eq. (5)) is 
generally used for multilayer adsorption on adsorbents with 
heterogeneous sites [34]:

where Qe is the equilibrium adsorption capacity (mg/g), Ce 
is the equilibrium concentration of PCs (mg/L), and kF and 
1/nF are the Freundlich constants corresponding, respec-
tively, to bonding energy and heterogeneity factor.

3 � Results and discussion

3.1 � Characterization of HC and HC‑derived ACs

3.1.1 � TG‑DTG analysis of HC

Thermal decomposition behavior of HC was investi-
gated by thermo-gravimetric analysis. The TGA and 

(4)Qe =
QmkLCe

1 + kLCe

(5)Qe = kFC

1

nF

e

its derivative (DTGA) profiles are shown in Fig. 1. The 
slight mass loss at temperatures < 120 °C was accounted 
for the evaporation of water and volatilization of small 
organic molecules [35]. Two main regions of weight 
loss were distinguished in a temperature range from 202 
to 737 °C. The first weight loss (around 4%) observed 
between 202 and 343 °C, whose peak centered at approxi-
mately 290 °C (T1), is may be attributed to the degra-
dation of re-polymerization products formed during the 
HTC at high temperature [35]. The second peak, observed 
at temperatures between 343 and 744 °C, with a maxi-
mum weight loss (32%) at 435 °C (T2), corresponds to 
the main stage of the mass loss, and it is mainly related to 
the degradation of lignin. Thus, the HTC of the mixture 
of OS and OMWW at the experimental conditions led to 
the degradation of both hemicellulose and cellulose and 
probably to the re-polymerization of primary degradation 
products at high temperature.

3.1.2 � Surface chemistry characterization

The FTIR spectra of raw feedstock and HC (Fig. 2), 
highlighting the chemical transformations during the 
thermal process, revealed that noteworthy changes 
occurred during the HTC treatment of OMWs and the 
subsequent activation of HC. After heating the feed-
stock at 260 °C during 4.5 h, the intensities of bands at 
1041 cm−1 and at 3462 cm−1, attributed to O–H stretch-
ing vibrations in hydroxyl groups and/or carboxyl 
groups, were decreased most likely due to the reaction of 
dehydration of raw feedstock. Band at 1248 cm−1 may be 
attributed to esters (e.g., R-CO–O-R’), ethers (e.g., R-O-
R’), or phenol groups [36] and at 1450 cm−1 (indicator 
of residual lignin), corresponding to aromatic C = C, was 

Fig. 1   TGA and DTGA curves 
of HC

Temperature (°C) 
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slightly increased. The aromatization reactions occurred 
during HTC were evidenced by the band at 1620 cm−1 
ascribed to C = O vibration stretching conjugated to the 
aromatic ring [37] and evenly provided in the appearance 
of the bands at 800–870 cm−1 corresponding to aromatic 
C–H [38]. It is shown that the intensity of the band at 
1700 cm−1, assigned to C = O vibrations corresponding 
to carbonyl, quinone, ester or carboxyl, was gradually 
increased. The FTIR spectra of HC shows (in relation to 
the raw) a slight increase in the band intensity observed 
at 3000–2800 cm−1 due to stretching vibrations of ali-
phatic C–H. During the HTC treatment, most of hemi-
cellulose and water-soluble organic compounds are dis-
solved in the liquid phase. Thus, the detected functional 
groups on HC surface are corresponding to cellulose 
and lignin components and some transformation prod-
ucts [39]. The activation of HC leads to more chemi-
cal transformations. The FTIR spectra of HC compared 
to carbons chemically activated by KOH are shown in 
Fig. 2. The analysis of FTIR spectra revealed that the 
band at 3400 cm−1, attributed to OH stretching, was dra-
matically diminished after activation, especially for HC-
AC-KOH2. Moreover, for both ACs an intense band near 
1100 cm−1 was distinguished which means the appari-
tion of secondary hydroxyl groups. We observed also a 
complete disappearance of the band at 3000–2800 cm−1 
and the band at 1700 cm−1, while the intensity of the 
band observed at 2355 cm−1, corresponding to the C = O 
stretches of ambient CO2 molecules [40], was slightly 
increased. The greater aromatic C = O band observed 
at 1600 cm−1 for HC was dramatically diminished after 
activation. It is worth noting that this band was overlap 
with the band at 1514 cm−1 corresponding to the aro-
matic C = C vibration, which explains the appearance 
of a wide band in the region between 1500–1600 cm−1 

after activation. A sharp decrease of bands observed at 
1440 and 1366 cm−1 was also noticed, whereas the bands 
observed at 1250 cm−1 and at 800–870 cm−1 are com-
pletely disappeared.

3.1.3 � Surface morphology characterization

The SEM images, illustrated in Fig. 3, show that the mor-
phologies of the precursor, HC, and ACs were quite differ-
ent. In the precursor, it could be observed that the parti-
cles were highly packed, while the morphology of the HC 
exhibited a regular structure with some pores detected on 
the surface rearranged and opened up as a consequence of 
the hydrothermal dissolution/decomposition reactions and 
volatile organic substances release [41, 42]. As compared 
to the HC, KOH-activated HC exhibited morphology with 
well-developed porosity. Activation using alkali metals such 
as KOH involves oxidation–reduction reactions, which allow 
the creation of porosity. These reactions are strongly affected 
by the surface properties of the precursor. Falco et al. [17] 
showed that a raise in the HTC temperature from 180 to 
240 °C leads simultaneously to an increase in the content 
of oxygen functional groups on the surface of hydrothermal 
carbons, which may help increasing the accessibility of KOH 
molecules to the interior of HC and creating more poros-
ity. Increasing the HTC temperature beyond 280 °C allows 
generating a higher aromatized HC with high stability and 
structural order, which reduced the HC reactivity and lead 
to reduced porosity development. The increase in the KOH/
HC ratio from 2 to 4 also promoted a relatively opening of 
pores. KOH/HC ratio is a decisive parameter that strongly 
affect the formation of pores. KOH intercalates between 
carbon layers and decompose into more active components, 
allowing the destruction of aromatic layers and the creation 
of more porosity [43]. At higher KOH addition, the severity 
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of KOH reaction with carbon increased due to the accelera-
tion of reaction rate and the increase in catalytic oxidation, 
which causes the widening of the preexisting pores. Moreo-
ver, KOH molecules added at excessive amount might also 
decomposed into water which causes gasification reactions 
leading to more widening of pores [44]. As shown in Fig. 3, 
the HC-derived AC is exhibiting a roughly surface due to 

the heterogeneity of pores in its structure, which could be 
advantageous to retain more polluting molecules.

3.1.4 � Elemental analysis

The elemental composition of feedstock, HC, and derived 
ACs are summarized in Table 1. As can be seen, the 

(a) (b) 

(c) (d) 

Fig. 3   SEM images of a raw feedstock, b HC, c HC-AC-KOH2, and d HC-AC-KOH4

Table 1   Elemental composition 
of feedstock, HC, and 
HC-derived ACs

a Calculated by difference
b Atomic ratios

Materials C (wt%) H (wt%) N (wt%) Oa (wt%) H/Cb O/Cb

Raw feedstock 48.3 6.4 0.2 45.0 1.59 0.70
HC 77.1 5.6 1.9 15.5 0.87 0.15
HC-AC-KOH2 77.8 0.9 1.6 19.6 0.14 0.19
HC-AC-KOH4 78.8 1.0 1.5 18.6 0.16 0.18



Biomass Conversion and Biorefinery	

composition of raw OMWs changed markedly after HTC 
treatment. As expected, the carbon content increased from 
48.3 wt% in the feedstock to 77.1 wt% in the HC, and 
the oxygen and hydrogen contents were decreased after 
carbonization from 45 to 15.5 wt% and from 6.4 to 5.6 
wt%, respectively. The presented carbon content is higher 
than those reported by others [3, 45, 46]. As compared 
to HC, the elemental analysis of both HC-derived ACs 
exhibited similar values of carbon content regardless of 
the activation ratio (Table 1). An increase in the oxygen 
content was however observed after HC activation, this 
can be due to the high degree of surface oxidation, a phe-
nomenon typically observed after KOH activation [47]. 
The same tendency was also observed by de Araújo et al. 
[48] and Yu et al. [49]. The H/C and O/C atomic ratios 
were calculated for raw feedstock, HC and derived ACs 
and their values are summarized in Table 1. At experi-
mental HTC conditions, a loss of oxygen and hydrogen 
contents, expressed respectively by a decrease in H/C and 
O/C atomic ratios from 1.59 to 0.87 and from 0.70 to 
0.15, was observed. Under HTC conditions, the reduc-
tion of hydrogen and oxygen corresponds in principle to 
ongoing dehydration and demethylation (loss of CH3) 
and/or decarboxylation (loss of CO2) reactions [50]. The 
atomic ratios of elements corresponding to HC-derived 
ACs are also shown in Table 1. The H/O ratio of HC was 
decreased markedly after KOH activation from 0.87 to 
0.14–0.16, while the O/C ratio was increased from 0.15 

to 0.18–0.19, following an increase in the oxygen content 
after KOH activation as previously described.

3.1.5 � Textural characteristics of HC‑derived ACs

Figure 4 shows the N2 adsorption–desorption isotherms 
at − 196 °C and the pore size distribution of HC-AC-KOH2 
and HC-AC-KOH4, while Table 2 collects the main character-
istics relative to the porous texture of both HC-derived ACs.

Both HC-derived ACs showed isotherms type I according 
to the classification by IUPAC characteristic of micropo-
rous materials, with remarkable N2 adsorption at low relative 
pressures and a minor contribution of mesoporosity [49, 51], 
as confirmed by the low values of the SEXT, the high Vmic 
values and the average pore size of about 2 nm (Table 2). 
A higher surface area (964 m2/g) and pore volume (0.51 
cm3/g) have been exhibited by HC-AC-KOH2 as compared 
to HC-AC-KOH4 showing 890 m2/g BET surface area and 
0.47 cm3/g pore volume (Table 2). The relatively high val-
ues of HC-AC-KOH2 surface area and pore volume could 
be compared with those of commercial ACs provided by 
Calgon Corporation, such as F100 and BPL showing values 
of BET surface area of 957 and 972 m2/g and total pore vol-
ume of 0.526 and 0.525 cm3/g, respectively [52]. A KOH/
HC ratio of 2 was also reported as optimum by Shen et al. 
[53] and Abdel-Ghani et al. [54]. The yield as also shown in 
Table 2 varies, however, in the opposite trend and increases 
from 25 to 28% as the KOH/HC ratio increases, the fact that 
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Fig. 4   a N2 isotherms at 77 K and b pore size distribution of HC-AC-KOH2 and HC-AC-KOH4

Table 2   Textural properties of 
HC-derived ACs 

*AC yield is calculated based on the mass of the starting biomass on a dry basis

Materials Mass yield* MB adsorption I2 number SBET Smic VT Vmic (N2) L0 (N2)

(%) (mg/g) (mg/g) (m2/g) (m2/g) (cm3/g) (cm3/g) (nm)
HC-AC-KOH2 25 617 1203 964 865 0.51 0.44 2.10
HC-AC-KOH4 28 579 1022 890 746 0.48 0.39 2.14
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surface area depends on the mass removed during the activa-
tion process, which allows creating pores in the structure of 
material and improves its specific surface area. The effect 
of KOH/HC ratio on mass yield and ACs surface area can 
be explained by the mechanism proposed by Tseng et al. 
[55], bringing out two possible reactions that can be impli-
cated during KOH activation: physical surface pyrolysis 
and chemical KOH etching. According to Tseng et al. [55], 
both reactions interfere in the activation process when the 
KOH/HC ratio is low, which explain the high surface area, 
whereas, at high KOH/HC ratio (KOH/HC ratio higher than 
4), the physical surface pyrolysis is interrupted due to the 
relatively high coverage of KOH onto HC which promoted 
the KOH etching. In previous studies, KOH/HC ratio was 
reported as the most important activation parameter play-
ing a crucial role in the formation of pores [19, 56]. KOH 
reacts with HC-forming K2CO3 and leading to the forma-
tion of pores and to the increase in the surface area [44]. 
However, El-Hendawy [57] observed that a high KOH/HC 
ratio might lead to a high formation of K2CO3 and metallic 
potassium, which persist in the carbon structure and cannot 
be easily leached off even after repeated washing. The excess 
of K2CO3 and metallic potassium may block some pores 
and therefore decreases the AC surface area. The effect of 
KOH/HC ratio (from 1 to 4) on pore formation within AC 
prepared at 800 °C was studied by Wu et al. [19]. Authors 
reported that at relatively low KOH/HC ratio, the formation 
of pores is generally attributed to the opening of previously 
inaccessible pores and to the formation of new pores. By 
increasing the KOH/HC ratio (over 3), an expanding of the 
existing pores may take the dominance in the reaction, which 
causes a large pore size.

As previously reported by [17] and [58], the HTC pre-
treatment of biomass has a homogenizing effect, allowing 
the removal of undesirable mineral matter from the carbo-
naceous material. A successive activation of the produced 
biochar leads to an intensive release of VM as gases, which 
creates pores in the overall structure of the derived-AC 
and significantly increases its surface area. Such a porosity 
enhancement could also be recognized from the examination 
of MB and iodine adsorption. The values of MB and iodine 
adsorption capacities are also shown in Table 2. The MB 
value, defined as the number of mg of standard MB mol-
ecule in aqueous solution removed by 0.01 g of AC, gives 
an indication of the development of porosity of carbons. 
As shown in Table 2, the KOH-R2-AC showed the higher 
MB adsorption capacity as compared to the KOH-R4-AC, 
since it presents the higher specific surface area and pore 
volume. This value is considerably higher than the values 
reported in the literature for AC prepared by successive HTC 
and sodium hydroxide activation [39] and commercial AC 
(Calgon Filtrasorb) [59]. The iodine number expressed as 
milligrams of iodine per gram of adsorbent is a quick test to 

have a good simulation of the internal surface area [60]. The 
KOH-ACs showed values of iodine number ranging from 
1022 to 1203 mg/g; these high values confirm the devel-
oped microporous structure exhibited by both carbons. The 
highest iodine adsorption (1203 mg/g) was afforded by the 
KOH-R2-AC, which is higher than another AC prepared by 
HTC followed by KOH activation [1].

3.2 � Phenolic adsorption experiments

3.2.1 � Kinetic adsorption

Kinetic study is a useful method to evaluate the rate and 
mechanism controlling the adsorption process. As can be 
seen in Fig. 5, the rate of PCs adsorption on both ACs was 
high at the initial contact time up to 2 h and then gradually 
reduced until achieving the equilibrium (∼4 h), where no 
more PCs are further removed from OMWW. Galiatsatou 
et al. [26] reported that the equilibrium of OMWW-PCs 
adsorption onto AC produced from olive pulps and OS could 
be achieved between 1 and 22 h. The two-step adsorption 
is typically observed during the adsorption of contaminants 
on AC. The first step characterized by a rapid uptake of PCs 
is generally occurred in mesopores within the external sur-
face, while the second one is corresponding to a micropo-
rous diffusion and is characterized by a slow adsorption rate 
probably related to slow pore diffusion of adsorbate into 
the bulk of the adsorbent [61, 62]. The relatively rapid PCs 
adsorption observed during the first 2 h indicates that more 
than one mechanism might be involved in PCs adsorption 
process. As shown in Fig. 5, about 28 to 31% of total PCs 
were removed at equilibrium. A relatively higher removal 
efficiency (between 38 and 40%) of PCs from OMWW was 
reported by Senol et al. [62] after 2 h of adsorption using 
a commercial AC. The similar removal efficiency was also 
obtained by Aliakbarian al. [63] but after a contact time of 
only 10 min.
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Fig. 5   Effect of contact time on PCs removal from OMWW (Initial 
PCs concentration = 50 mg/L) using 2 g of AC in 100 mL of solution
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The adsorption rate indicates the time required for reach-
ing equilibrium of the adsorption process. In the present 
study, the potential rate and mechanism controlling the 
PCs adsorption process were evaluated using the pseudo-
first-order and pseudo-second-order models. Calculated 
rate-controlling constants pertaining to both kinetic mod-
els and the amount of PCs uptake at equilibrium for both 
AC samples are presented in Table 3. The suitability of 
the pseudo-first and pseudo-second-order models to fit the 
kinetic data corresponding to the adsorption of PCs on the 
two ACs was evaluated by comparing the values of their 
corresponding correlation coefficients (R2). For both AC 
samples, the pseudo-second-order model leads to higher 
fitting quality based on its higher R2 values as compared to 
that corresponding to the pseudo-first order model (Table 3). 
Additionally, only a slight difference was observed between 
the experimental and the predicted adsorption data, confirm-
ing the applicability of the pseudo-second-order model to 
describe the adsorption process. Similar findings were also 
reported by Aliakbarian et al. [63] and Abid et al. [25] dur-
ing the adsorption of PCs onto biochar and commercial AC, 
respectively. Accordingly, it could be assumed that chemical 
adsorption could be the dominant rate-controlling step for 
the adsorption of PCs on both AC samples [2]. The main 
mechanisms involved in the adsorption process could be 
controlled by exchange reactions between PCs and func-
tional groups on AC surface until saturation of all adsorp-
tion sites. Afterward, other interactions such as hydrogen 
bonding could be involved in the adsorption process.

3.2.2 � Effect of pH

To investigate the effect of OMWW initial pH on PCs 
removal, a series of experiments was carried out using a 
diluted OMWW (initial PCs concentration, 50 mg/L) at vari-
ous pH values ranging from 2 to 10. The obtained results are 
summarized in Fig. 6.

For HC-AC-KOH2, only slight changes in PCs removal 
were observed when the pH raised from 2 to 8, while an 
important increase was recorded at pH ranging from 9 to 
10. For HC-AC-KOH4, total phenols removal showed a 
decreasing trend when the pH increased from 2 to 5 and 
then gradually increased until reaching its maximum at a 
pH of 10 (Fig. 6). As previously reported, PCs at a solution 
pH lower than their pKa remain undissociated and start to 
dissociate into anionic forms at pH close or higher than 

their pKa [64]. However, due to the high variety of PCs 
present in OMWW and obviously their different pKa val-
ues, it might be difficult, even impossible, to predict the 
dominance of ionic or neutral forms of PCs in solution, 
and then the dominating mechanism controlling the adsorp-
tion process. According to Stasinakis et al. [65], AC sur-
face functional groups and PCs could be simultaneously 
present in solution in their protonated and deprotonated 
forms, giving rise to different surface-PCs interactions to 
be involved, namely, electron donor–acceptor interactions, 
dispersion effect between the aromatic phenolic ring and the 
electrons in carbons and electrostatic attraction and repul-
sion between AC surface and PCs species [66]. At low pH 
values, AC surface is generally exhibiting a positive charge; 
the high adsorption capacity observed at this range of pH 
could be due to the electrostatic interactions between PCs 
and the negatively charged groups likely present on the AC 
surface characterized by its heterogeneity [67]. van der 
Waals forces and p-p dispersion interactions could also be 
involved at low pH values, as most of the AC surface is 
unavailable for the adsorption of co-ionic species [68]. At 
pHs around 7.0, Romero-Cano et al. [69] reported that the 
adsorption of PCs is possibly promoted by the formation of 
hydrogen bonds between the PCs-hydroxyl group and the 
deprotonated acid sites (R-COOH, R-OH) of the AC. The 
relatively lower removal efficiency of PCs observed at this 
range of pH (Fig. 6) could be, however, attributed to the 
competition between protons introduced by the acid solu-
tion of OMWW and the PCs for adsorption sites [70]. At 

Table 3   Kinetic parameters for 
adsorption of PCs onto HC-AC-
KOH2 and HC-AC-KOH4

Materials Qexp Pseudo-first order Pseudo-second order

Qth (mg/g) k1 (min−1) R2 Qth (mg/g) K2 (g/mg.min) R2

HC-AC-KOH2 7.50 7.2498 0.0417 0.9989 7.5533 0.0129 0.9997
HC-AC-KOH4 7.68 6.9599 0.0271 0.9913 7.58346 0.00562 0.9999
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pH higher than 9, PCs are mostly in the form of phenolates, 
and the surface of HC-derived ACs would be negatively 
charged; the higher adsorption capacity observed at this 
range of pH could be then attributed to hydrogen bonding 
[20, 55]. It is also expected that electrostatic attraction may 
occur between PCs and the positively charged groups prob-
ably existing on the AC surface at this pH, as also reported 
by Achak et al. [72].

3.2.3 � Effect of initial  PCs concentration

Regarding the effect of PCs initial concentration on their 
removal efficiency, the adsorbed amount of PCs varies pro-
portionally with the increase in initial PCs concentration 
(Fig. 7), which indicates an increase in the overall AC sur-
face area occupied by PCs and a decrease in the free sites as 
the aqueous PCs concentration increases. A higher concen-
tration of adsorbate in solution can increase the driving force 
to overcome the resistance to mass transfer between aqueous 
and solid phases, which increases the collision probability 
between adsorbate and adsorbent [73]. The PCs removal effi-
ciency tends, however, to go to a decreasing profile as the 
initial PCs concentration increases. This could be related 
to the composition and concentration of some PCs present 
in the real OMWW. According to some author’s assump-
tions, hydroxytyrosol and tyrosol, present in significantly 
higher concentration in OMWW, should be adsorbed onto 
AC sorbent with lower removal efficiency while all other 

low-molecular-weight PCs should be almost completely 
removed [62].

The analysis of the interaction between PCs and AC and 
the stimulation of the potential mechanisms involved in the 
adsorption process could be performed by the analysis of 
adsorption isotherms using theoretical equations such as 
those corresponding to Langmuir and Freundlich models. 
The calculated Langmuir and Freundlich constants are 
shown in Table 4.

As shown in Table 4, both models are exhibiting satisfac-
tory correlation coefficients for both AC samples; the value 
of R2 is, however, displaying a privilege to the Freundlich 
model for both samples. Accordingly, Freundlich model is 
more suitable to describe PCs adsorption onto both AC sam-
ples. The magnitude 1/nF as shown in Table 4 indicates the 
favorable character of the adsorption process. A value of 
1/nF closer to zero indicates greater adsorbent heterogene-
ity [39]. Langmuir adsorption model assumes a monolayer 
adsorption at specific homogeneous surface sites, while Fre-
undlich model presumes that the adsorption is not monolayer 
rather a multilayer adsorption on heterogeneous sites with 
non-uniform distribution of energy level. Considering the 
high R2 values obtained for both models, it could be assumed 
that both monolayer and heterolayer adsorption may occur 
due to the AC surface that contained uniformly distributed 
heterogeneous adsorption sites. The same assumption was 
also reported by Achak et al. [72] and Abid et al. [25]. When 
applying the Langmuir model, the maximum PCs adsorption 

Fig. 7   Adsorption isotherms of 
PCs on HC-AC-KOH2 and HC-
AC-KOH4
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Table 4   Langmuir and 
Freundlich isotherm parameters 
of PCs adsorption on HC-AC-
KOH2 and HC-AC-KOH4

Materials Langmuir Freundlich

Qm (mg/g) kL (L/mg) R2 kF (mg/g)(L/
mg)1/n

F)
1/nF R2

HC-AC-KOH2 26.50 0.0070 0.953 0.9636 0.5244 0.991
HC-AC-KOH4 16.88 0.0181 0.996 2.2224 0.3349 0.999
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capacity was equal to 26.50 mg/g for HC-AC-KOH2 and 
16.88 mg/g for HC-AC-KOH4, which are higher than those 
obtained with AC physically prepared from solvent extracted 
olive pulp with Qmax of 12.4 mg/g [26] and incompletely 
combusted olive pomace with Qmax of 11.4 mg/g [65]. The 
higher adsorption capacity of HC-AC-KOH2 as compared 
to HC-AC-KOH4 could be attributed to its well-developed 
porosity and surface area, confirming that porosity plays an 
important role in the adsorption process as also shown by 
El-Sayed and Bandosz [74]. The highest the percentage of 
microporosity the better the adsorptive behavior of the car-
bon towards PCs is.

4 � Conclusion

Olive mill wastes, typical residues of olive-oil extraction, 
are produced in huge quantities in the Mediterranean region. 
Olive mill wastes represent a serious environmental issue, 
due to their high organic load and their content in phytotoxic 
compounds such as PCs; the development of a sustainable 
approach for their valorization has become an urgent neces-
sity. In this study, an integrated approach for the valoriza-
tion of olive mill wastes is suggested, it consisted of the 
simultaneously conversion of a mixture of OS and OMWW 
into hydrochar via HTC and its subsequent activation using 
KOH, at two KOH/HC ratios (2 and 4), to produce AC. The 
results showed that the use of HTC allowed the conversion 
of both solid and liquid olive mill wastes into HC without 
the need of a previous drying step, while the activation of the 
resulting HC allowed the production of ACs with promising 
textural characteristics and enhanced adsorptive capacities. 
Comparing between both used KOH/HC ratios (2 and 4), it 
was shown that the higher specific surface area (964 m2/g), 
pore volume (0.51 cm3/g) and adsorption capacities toward 
MB (617 mg/g) and iodine (1203 mg/g) were exhibited by 
carbon activated with KOH at KOH/HC ratio of 2. SEM 
analysis proved that KOH activation was able to produce AC 
with important porosity. A shifting of some surface func-
tional groups to different frequencies and a disappearance 
of other groups after HC activation was also observed. In the 
second part of the study, batch adsorption tests were carried 
out to assess the ability of the produced ACs to remove PCs 
from OMWW. High removal efficiency of PCs was obtained 
at high pH values with only slight difference between both 
AC samples. PCs adsorption on AC samples followed the 
pseudo-second-order model, while the analysis of the equi-
librium adsorption data revealed that nonlinear Langmuir 
and Freundlich isotherm models could both describe the 
adsorption of OMWW-PCs onto the studied ACs.

The results of the present study revealed that the combi-
nation of HTC and KOH activation is an effective method 
for the valorization of olive mill wastes. This integrated 

strategy provides a two-fold solution to olive mills, the val-
orization of both solid and liquid olive mill wastes in one 
stream and their conversion into high-added-value prod-
uct as well as the treatment of highly polluting industrial 
wastewater. Additional studies are, however, still neces-
sary to extend the research to a better understanding of 
the main mechanisms involved in the adsorption of the 
different phenolic substances present in complex matrices 
such as OMWW; this will help to design ACs’ properties 
to be suitable to this application. More focus should also 
be paid to hydrochar as an emerging adsorbent; optimize 
the preparation conditions and explore the possibilities of 
its modification to improve its adsorption capacity towards 
complex molecules such as PCs.
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