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Abstract: Carbamazepine (CBZ), one of the most used pharmaceuticals worldwide and a Contam-
inant of Emerging Concern, represents a potential risk for the environment and human health.
Wastewater treatment plants (WWTPs) are a significant source of CBZ to the environment, polluting
the whole water cycle. In this review, the CBZ presence and fate in the urban water cycle are ad-
dressed, with a focus on adsorption as a possible solution for its removal. Specifically, the scientific
literature on CBZ removal by activated carbon and its possible substitute Biochar, is comprehensively
scanned and summed up, in view of increasing the circularity in water treatments. CBZ adsorption
onto activated carbon and biochar is analyzed considering several aspects, such as physicochemical
characteristics of the adsorbents, operational conditions of the adsorption processes and adsorption
kinetics and isotherms models. WWTPs usually show almost no removal of CBZ (even negative),
whereas removal is witnessed in drinking water treatment plants through advanced treatments (even
>90%). Among these, adsorption is considered one of the preferable methods, being economical and
easier to operate. Adsorption capacity of CBZ is influenced by the characteristics of the adsorbent
precursors, pyrolysis temperature and modification or activation processes. Among operational con-
ditions, pH shows low influence on the process, as CBZ has no charge in most pH ranges. Differently,
increasing temperature and rotational speed favor the adsorption of CBZ. The presence of other
micro-contaminants and organic matter decreases the CBZ adsorption due to competition effects.
These results, however, concern mainly laboratory-scale studies, hence, full-scale investigations are
recommended to take into account the complexity of the real conditions.

Keywords: activated carbon; adsorption; biochar; carbamazepine; charcoal; isotherms; kinetics;
water treatment plants; wastewater treatment plants

1. Introduction

The presence of pharmaceuticals in environmental matrices increased consistently
during the last 20 years, also due to the population grows and ages [1]. The pathway of
these contaminants starts with human or veterinary consumption and metabolization, then
between 30% and 90% of the dose is generally excreted as active substances through urine
and feces [2]. Thus, they enter in the sewage network and arrive at the inlet of wastewater
treatment plants (WWTPs). There pharmaceuticals are not completely removed, since
WWTPs are not designed and operated to accomplish this aim, therefore residual concen-
trations can reach different environmental matrices with the effluents or wasted sludges.
Furthermore, veterinary pharmaceuticals used for livestock and aquaculture can be directly
released in water bodies [3]. The environmental issue is particularly challenging because
pharmaceuticals are designed to interact with living organisms and to produce a response
at low doses, which make them of high concern even at low concentrations. Moreover, they
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are also designed to be stable and to interact only with target molecules, entailing that they
are very slow to degrade. This is why their constant use leads to a continuous release and
accumulation into the environment. Among pharmaceuticals, carbamazepine (CBZ) is one
of the most used worldwide [4]. It is well known as a refractory molecule to traditional
water and wastewater treatment processes and particularly to biological processes [3,5-7].
Additionally, CBZ exposure has harmful effects on aquatic and terrestrial organisms, such
as reproduction toxicity, developmental delay and carcinogenicity [8]. For these reasons,
CBZ represents a contaminant of concern for the environment and human health [9,10]; it
was also proposed as a possible anthropogenic marker in waters [4].

In the literature, different technologies for CBZ removal from contaminated water are
reported [4,11-13]. These technologies are mainly based on electrochemical oxidation [14,15],
solar photolysis [16,17], photocatalysis [18-20], osmotic membrane separation [12,21], ion
exchange [22,23], persulfate oxidation [24], ultrasound / persulfate anions oxidation [25],
dielectric barrier discharge process [26,27] and ozone/ultraviolet/hydrogen peroxide
advanced oxidation [28,29]. Among them, adsorption is the most used technology for its
high efficiency and lower operating costs [30-32]; the first quantitative experiments about
this technology involved the study of gas adsorption on charcoal (which was later called
“activated carbon”) and clay [33].

Many studies have investigated different adsorbents materials for CBZ removal from
waters, such as activated carbon [34], silica-based materials [35] chitosan-based materi-
als [36], granular carbon nanotubes/alumina hybrid [37] and zeolites [38]. Many of these
adsorbents generally provide a high level of adsorption capacity of CBZ [39].

A new and sustainable adsorbent for removal of recalcitrant contaminant such as CBZ
is biochar which has been already demonstrated to be a valid alternative to commercial
media for the removal of various emerging micropollutants from waters [40—43]. Thus,
the present review provides a comprehensive analysis of the application of biochar to
CBZ removal from water and wastewater, compared to the traditional activated carbon.
Specifically, the aims of this work were: (1) to discuss CBZ presence in wastewater and
water treatment plants and (2) to review the adsorption process onto activated carbon
and biochar considering the different factors that can influence the adsorption capacity,
such as physicochemical properties and operational conditions. Finally, adsorption kinetic
and isotherm models that are mostly applied to represent the experimental data of CBZ
removal onto activated carbon and biochar were also discussed.

Several reviews describe the adsorption process of pharmaceuticals from water onto
many types of adsorbents, however, to the best of our knowledge, this is the first review fo-
cusing on the comparison of CBZ adsorption onto activated carbon and biochar. Moreover,
the information collected and discussed about the effects of operative parameters related
to the adsorption process can be of great interest also for water and wastewater treatment
plants managers, representing an additional novelty of the study.

2. CBZ Usage and Physicochemical Characteristics

CBZ is one of the most frequently used drugs for the medical treatment of epilepsy
and bipolar disorder, being a mood stabilizer [4]. It is metabolized in the liver and ex-
creted mainly as hydroxylated and conjugated metabolite and only around 5% as an
unchanged drug [44]. The formula, structure, identifier (i.e., CAS number) and the main
physicochemical characteristics of CBZ are summarized in Table 1.
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Table 1. Main CBZ physicochemical characteristics.

CAS n. Formula Structure Molecular Wight pKa Log Kow Ky S
N O 2.3 [45] 224 x 101 0.0005 mol/L [9]
298-46-4 Ci15H1,N,O O . 236.274 g/mol 13.9 [46] 245[9]  atm-m3/mol at18 mg/L
g ’ [471% and 25 °C [46]

CAS n.: Chemical Abstracts Service number; Formula: Chemical formula; pK,: log of acid dissociation constant; Log Ky,: log of
octanol-water partition coefficient; Kyj: Henry’s law constant; S: water solubility; U: predicted value.

CBZ is not considered a volatile compound and it is characterized by a value of the
octanol-water partitioning coefficient below 3 which entails that it is moderately hydropho-
bic; it is also considered soluble in water based on the available values of the solubility.
Moreover, in the aquatic environment and most of the water and wastewater treatment
processes, CBZ is present as a non-ionized form, since its pK, is far from neutral, which is
the usual pH condition for these treatments [48]. All these characteristics proved that CBZ
is refractory to the traditional water and wastewater treatment processes and particularly to
biological processes, as reported by several authors [3,5-7]. As a consequence, it is usually
found in the effluent of the treatment plants and then in the surface water bodies where
it is frequently released. The NORMAN Network database, which includes 20 countries
and 25,359 samples, shows that the frequency of detection in this environmental matrix is
about 73% [9]. The frequent occurrence of CBZ in the aquatic environment represents a
relevant and concerning matter since this substance has adverse toxicological effects [4].
Indeed, CBZ is classified as a toxic compound concerning marine and surface water com-
partments, being the lowest predicted no effect concentration (PNEC) below 0.1 ug/L
in both compartments (0.005 ng/L and 0.05 pg/L, respectively) according to the criteria
proposed by NORMAN Prioritization framework for emerging substances and the REACH
regulation [9,49]. Thus, CBZ represents a risk for the environment, but also for human
health when surface water is used as a source for drinking water production.

3. Presence and Fate in Water Treatment Plants (WTPs)
3.1. Wastewater Treatment Plants (WWTPs)

As seen in Section 2, CBZ is used as an antiepileptic drug, then excreted as such or as
metabolites by the human body and it ends up in wastewaters. Frequency of detection (Fd)
is the parameter of relevance when evaluating the pollution of water by a contaminant
that describes the steadiness of its occurrence. For CBZ, its frequency of detection is often
significantly high, defining pollution not randomly but consistently present in wastewater
influent and effluent. On this account indeed, Loos et al. (2013) reported a frequency of
detection of 90% in WWTPs effluent sampled across the EU [50]; Di Marcantonio et al.
(2020) found an Fd of 96% and 91% in the influent and effluent, respectively [3]. According
to Thiebault et al. (2017), Suebdi et al. (2015), Tran and Gin (2017) and Rivera-Jaimes
et al. (2018), 100% Fd was recorded in both influent and effluent [7,51-53]. Table 2 lists
the average concentrations at which CBZ was found across the world in the influent and
effluent of wastewater treatment plants: even if the values are often in the range of ng/L,
there are also exceptions with concentrations reaching the order of magnitude of pg/L.



Sustainability 2021, 13, 11760

4 of 50

Table 2. CBZ concentration (ng/L) mean and range in WWTPs worldwide, considering raw wastewater (RWW) and treated

wastewater (TWW).

Location n° WWTPs RWW (Mean/Median) = RWW Range = TWW (Mean/Median) = TWW Range Ref
China 5x 45 24-72 34 24-49 [54]
China 17 n.a. 18 n.a. [55]
China 14 10-20 16 13-21 [56]

USA 2% * 193 61-588 289 91-731 [52]
USA 5x 115 34-350 21 <LOQ-62 [57]
Canada 5x 757 n.a. 713 n.a. [58]
Mexico * 214 85-380 285 165-476 [53]
Singapore * 323 323-339 313 262-336 [7]
Spain <LOQ n.a. 97 n.a. [59]
Spain %ﬁﬁ;} . 1?; 69-283 123 29-198 [60]
Spain 4x * 422 70-970 100 60-150 [61]
Turkey 5x * 19 <LOQ-95 5 <LOQ-75 [62]
Italy 570 n.a. 370 n.a. [63]
Italy 76 % 209 <LOQ-1381 193 <LOQ-890 [3]
Italy 140 n.a. 179 n.a. [64]
Switzerland 256 n.a. 251 n.a. [64]
Czech Republic 460 210-710 510 220-730 [65]
France 215 51-937 163 5-357 [51]

Germany 1536 246-815 1614 1020-2309 [66]

Germany 6 1900 1500-2100 2000 1800-2200 [67]

Portugal 2% 470 440-500 520 500-540 [67]

Portugal 2% 95 47-226 117 62.7-245 [68]

African countries (review) 117-6145 64-1438 [69]
India 1642 22-8200 393 88-900 [70]

Data shown are either reported as such in the articles or calculated with the data available (*). The data reported in Italic are medians.
When needed, WebPlotDigitizer was used to gain data from graphs.

Regarding time-related patterns for CBZ pollution of wastewaters, seasonality is
usually excluded, being CBZ a substance not linked to seasonal illness; moreover, daily
patterns have not been detected [71]. However, some studies report that drier seasons
exerted an influence on the CBZ concentration detected at WWTPs due to lower dilution,
particularly in the case of combined sewers [4].

The behavior of CBZ in WWTPs has been well addressed in the reviews by Couto et al.
(2019) [71] and Krzeminski et al. (2019) [72], along with other contaminants of emerging
concern (CECs). WWTPs are not (yet) designed to remove CECs, which are hence often
discharged in the receiving water body through the treated effluent [71]. Particularly,
CBZ seems quite refractory to biological treatments [59,72]; furthermore, it is also not
expected to adsorb greatly on solids (medium-low octanol-water partition coefficient) [71]
and therefore these can explain the poor removal in WWTPs [6]. The removal reported for
CBZ is often even negative, due to recombination processes of precursors, accumulation
within the plant, release by solids and sampling strategies that do not consider the plant
Hydraulic Retention Time (HRT) [3,7,71,73]. Regarding the influence of the WWTP layout,
an interesting study is the one conducted by Di Marcantonio et al. (2020) [3], where
76 WWTPs were analyzed for 2.5 years. According to the results, CBZ showed very low
removal efficiencies (lower than 50%), the lowest being recorded for layouts comprising
secondary treatments alone, slightly improving where primary or tertiary treatments were
also included. Indeed, the review by Yang et al. (2017) and that of Hai et al. (2018) also
confirmed the scarce removal by the secondary treatment, regardless of the system used
(Conventional Activated Sludge, membrane bioreactor, others) [4,74].

3.2. Drinking Water Treatment Plants (DWTPs)

As a consequence of the entrance of CBZ in drinking water sources through the
pathway already described in Section 3.1, pollution of water sources occurs at every
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level [75], including groundwaters [76]. Indeed, CBZ is detected at the influent of DWTPs,
as shown in Table 3, as in the effluents.

Table 3. CBZ concentration (ng/L) mean and maximum and Fd (%) in DWTPs worldwide.

Location n° DWTPs Water Source RW ™ Ref.
Fd Mean/Median  Max Fd Mean/Median Max
Canada 17 GW/SW 50 3 749 25 0.21 601 [77]
Canada 5x * SW 68 3.1 7.2 65.6 1.92 3.6 [78]
USA SW 13 1.4 1.6 13 0.3 0.4 [79]
USA 31x * GW/SW 37 6.1 17.9 27 3.6 6.9 [80]
USA 29 x GW/SW 56 15.9 35.7 8 17.75 26.5 [81]
Japan 6% * GW/SW 39 7.3 100 13 1.9 25 [82]
Korea 5x SW 100 7.7 21.1 5 0.67 0.67 [83]
Korea SW 92 10.3 46.4 13 1.7 17.7 [84]
China SW 100 1.33-1.82 100 0.37-1.15 [85]
China SW 100 0.8 1.01 13 n.a. 0.65 [86]
Sweden 90 x GW/SW 41.5 0.95 n.a. 35 0.95 n.a. [87]
Sweden 7X * SW 100 10.48 13.44 28.5 291 11.32 [88]
Spain * SW 92 153 245 8.3 0.02 0.09 [89]
Spain * GW 100 84.5 167 89 1.1 5.7 [90]
Italy 3x * SW 66.6 13.8 34.57 41.7 0.2 1.20 [91]
Portugal GW/SW 96 33 16.8 69 1.8 13.5 [92]

Data shown are either reported as such in the articles or calculated with the data available (*). Fd: frequency of detection (%), GW:
groundwater, n.a.: not available, RW: raw water, SW: surface water, TW: treated water. Values in italics are medians; when needed,
WebPlotDigitizer was used to gain data from graphs.

The frequency of detection (%) is often quite high and not necessarily decreasing
between influent and effluent of the water treatment plant, highlighting the persistence
of the compound. The Fd median value, considering the studies reported in Table 3, for
raw water is 80%, whereas for treated water it is 25%. The concentration in the effluent
is usually lower, confirming at least a partial effect of the water treatment units. The
concentrations reported by worldwide example studies in Table 3 show quite a variability:
in raw water, the range spans from almost zero to hundreds of ng/L, whereas in treated
water it is reduced to tens of ng/L. However, the presence of CBZ at the effluent of
DWTPs is common to different countries and plant layouts. In general, treatments for the
removal of colloids and solids are indeed not deemed to be effective against CBZ due to its
characteristics, while improved outcomes might be linked to chemical oxidation processes
such as ozonation, adsorptive process by granular activated carbon (GAC) and membrane
filtration [71].

Simazaki et al. (2015) found that the average removal of CBZ by plants that included
ozonation and activated carbon was of 97 + 2%, whereas the removal was reduced to
62 £ 49% where such processes were not applied [82]. The importance of the oxidation
steps in the removal of CBZ is also underlined by Kim et al. (2020) [83]. Pulicharla et al.
(2021) found instead the removal of CBZ to be as low as 0-40% even in DWTPs with a
layout that included inter-ozonation, activated carbon and sand filtration [78].

High removal efficiencies were also recorded for DWTPs employing Granular Acti-
vated Carbon (GAC) and Biological Activated Carbon (BAC) in Italy [91], even though
concentration was not always reduced to below the limit of quantification (LOQ). The high
removal of CBZ by nanofiltration/reverse osmosis (NF/RO) was instead witnessed by
Radjenovic et al. (2008) [90] and Al-rifai et al. (2011) [93].

4. Carbon-Based Sorbent
4.1. Activated Carbon
Activated carbon (AC) is an amorphous carbon-containing material with a highly

porous structure [94] and a large specific surface area [95]. Thanks to these properties,
AC presents a great ability to remove molecules or other substances, from water and
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wastewater [96-100]; the first applications were developed in the field of drinking water,
as for smell removal [101]. Generally, AC can be found in two forms:

e granular activated carbon (GAC): it is made up of particles of a size comparable to
that of sand (between 0.2 and 5.0 mm) and is used when a material with larger pores
and a smaller specific surface is required [102,103];

e powdered activated carbon (PAC): it is formed by the most minute particles (smaller
than 0.2 mm) and is used when small particles are needed with greater specific surface
area [104,105].

AC production starts with the carbonization of raw materials with high carbon content,
in order to produce the chars, followed by a physical or chemical, or physico-chemical
activation process [106,107].

Physical activation is conducted at high temperatures (between 800 °C and 1000 °C),
in the presence of an oxidizing agent such as O,, CO,, steam or a gaseous mixture [108].

Chemical activation is based on the dehydrating action of some chemicals, such as
CaClp, HCl, HySO4, H3PO4, HE, KOH, NaOH and ZnCl, [109,110].

4.2. Biochar

Biochar (BC) is a solid product obtained from different types of vegetable biomass or
organic waste through a thermal convection process, in the absence or limited presence of
oxygen [111,112]. The origins of BC can be traced back to the Amazon, where numerous
sites known as “Terra Preta dos Indios” have been identified, where biochar was buried to
increase their crops [113-115].

BC can be synthesized from one of the well-known carbonization processes [116]
such as pyrolysis [117], pyro-gasification [118], gasification [119], hydrothermal carboniza-
tion [111], torrefaction [120], microwave pyrolysis [121], mechanochemical technology [122],
functionalization/activation or engineering [123], etc.

BC, thanks to its high carbon content and porosity, is a powerful soil improver [124].
It can therefore be used in the agriculture sector [125]: several studies show the positive
impact of BC on agricultural yield [126], with an improvement in the biological fertility of
the soil [127] which implies less consumption of water and chemical fertilizers [128]. This
involves a lower environmental impact [129] and lower consumption of natural resources
and energy [130]. It can also be used in the horticultural sector [131]: its main action is
to make the nutrients needed for plants” growth [132], specifically, calcium, magnesium,
potassium and nitrogen, always available [133,134]. Moreover, BC helps to maintain the
optimal pH of soil for plants activities [135].

The production of BC is also a sustainable solution for waste management [136,137] since
it sequesters CO, [138], reintroduces important elements into the environment [139,140], re-
places highly polluting materials and allows contributing to the circular economy [141-143].
Recently, the application of BC as an adsorbent media has been suggested for the removal
of several contaminants [144,145], both inorganic (metals, salts) and organic (insecticides,
herbicides, antibiotics) [146-148], also including the emerging ones [149].

4.3. Characterization of Carbon-Based Adsorbents

The textural characteristic and elemental composition of activated carbon and biochar
depend on the feedstock, temperature of pyrolysis and activation method. Looking at
Table 4 it is possible to note the mains difference regarding their characteristic Sprr and C%
which are higher in activated carbon than in biochar, while Ash content and N% are lower.
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Table 4. Range of main physico-chemical parameters of activated carbon (AC) and biochar (BC).

Parameters AC References BC References
Ser (m2/g) 211-1910 [150-152] 0.9-470.4 [153]
Vi (cm3/g) 0.086-0.582 [151] 0.16-0.335 [154]
Vine (cm3/g) 0.13-0.30 [155] 0.004-0.21 [154]
Vr (ecm3/g) 0.66-0.931 [150,156] 0.01-0.88 [154]
Aparticle (/mL) 0.86-087 [45] 0.14-0.65 [157]
Agp (g/mL) 0.25-1.0 [158,159] 1.25-1.95 [157]
d (A) 16-32 [160,161] 14-28 [162]
D (nm) 2.5-34 [163] 250-853 [164]
IN°® (ng/g) 402-822 [165] 446-1576 [162]
pH (@) 3.32-8.54 [166] 5.5-10.0 [157]
pHpzc () 4.02-9.92 [167] 7.0-9.5 [112,168]
Ash (%) 2.92-8.90 [154] 1.2-31.2 [157]
C (%) 82.81-83.46 [161] 511'2‘_9801'.99 [153,157]
N (%) 0.30-0.74 [161] 0.1-5.7 [157]
H (%) 0.32-2.05 [161] 0.34.3 [157]
O (%) 0.13-8.40 [166,169] 7.5-33.1 [157]

The following section described the theory of the textural properties and the elemental
analyses.

4.3.1. BET Analysis

The main method for measuring the specific surface area and the distribution of
the pores of a carbonaceous material is through the Brunauer, Emmett and Teller (BET)
analysis, using precisely the BET theory that was initially developed to describe multilayer
adsorption-desorption of gas molecules on a solid surface of the adsorbent material [170,171].

The BET analysis is performed based on the adsorption isotherms of non-reactive gas
molecules (such as Np, CO, or Ar at 77 °K, 273 °K and 87 °K, respectively) in a range of
pressure values that refer to the monolayer coverage of molecules.

Samples are commonly prepared by heating them in a vacuum or under a gas stream
to remove impurities. The samples are then analyzed by measuring the volume of ad-
sorbed gas.

Models and mathematical simulations are applied to the results of the BET analy-
sis, which allow information to be obtained regarding the specific surface area and the
distribution of pores in the material.

Specific Surface Area

Specific surface area (SSA) of carbon-based sorbents is a fundamental property that
has a decisive impact on the adsorption mechanism of contaminants [171]. To deter-
mine the SSA (Sggr, m2/ g), the BET theory is applied, through the nonlinear form of

Equation (1) [172]:
v c(%)

e o ()6 (8] )

where P/ Py is the relative pressure of adsorbate (-), V (cm3), Vi (em®) and C (-) are the
volume filled by multilayer adsorption on the external surface, the volume of a monolayer
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and the BET isotherm constant, respectively [173]. The linearized form of Equation (1) is
described below [174]:

(] ()
Vi)

@

Both parameters C and V', can be estimated from the slope and intercept of the linear
form of the equation. The plots of linearized variables provide straight lines at low relative
pressure (P/Py) range, as shown in Table 5, depending on the sample.

Table 5. Range of P/Py at the low-pressure range.

Range of P/P Ref.
0.05-0.30 [171,175]
0.05-0.25 [174]
0.10-0.26 [176]

The C constant is described by Equation (3):

_ [ x2 (41 —q1)
€= (awl)exp{ RT } R

where a; and v; are the condensation coefficient and the frequency of oscillation of the
molecules, respectively, for the first (i, j = 1) and the second layers (i, j = 2), 41 and gy, are
the heat of adsorption in the first layer (on the bare surface) and the heat of condensation
of all other layers, respectively, which is the same among all, except for the first [174].

Kembal and Schreiner [177] suggested that the coefficient of the exponential (x1v,/apv1)
can be considered approximately as the unit value. Thus, the BET constant corresponds
approximately to the value of the C-parameter at the point where the adsorbed monolayer
is formed.

The analysis of the experimental BET adsorption isotherms and these simplifications
allow determining sorption capacities (V) using the following Equation (4) [178]:

P
Vi :V(l—PO> (4)

Finally, the SSA (SpeT, m?/ g) can be quantified using Equation (5) [175,178]:

VimooNav pcas _ v, Sm 5)

S pr—
BET m Mcas m

where ¢, and N4y are the cross-sectional area of non-reactive gas (m?) and the Avogadro
number (6.022 x 102 L/mol), respectively; pgas and Mg4s are the density and the molecu-
lar mass of gas, respectively; m is the weight of the sample of the carbon-based sorbents

(8)-

Micropore and Mesopore Volumes

Available methods for measuring micropore distribution include Density Functional
Theory (DFT), MP-Method, Dubinin Plots (Dubinin—Radushkevich D-R, Dubinin-Astakov
D-A) and Horvath-Kawazoe (H-K). As for instead, mesopore methods available include
the Barrett, Joyner and Halenda method (BJH) and Density Functional Theory (DFT).

The methods developed by Dubinin and Radushkevich (1947) are the most common
approaches to evaluate micropore volumes (V,,;, cm3/g) of carbon-based sorbent, assuming
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them to obey a Gaussian distribution [179]. The DR nonlinear equation is described

below [180]:
oo (&) | oo -Cs) (3]

— =exp|—| =— =expy —| =— | |In( = 6

Vbr P l Eo P Eprp p ©)
where V is the micropore volume filled by gas (N, Ar or CO;), Rgas and T are the gas
constant and analysis temperature (°K), respectively, p is the affinity coefficient, different
for each gas, Ey the characteristic energy (kJ) and E the adsorption energy (k]), given by the
Polanyi equation [RT In(p/po)].

Moreover, Epr and Vpg represent the interaction energy and the limiting adsorbed

volume, respectively; the following Equation (7) represents the DR linear form:

In(V1) = In(Vpgr) — (%)2 [ln@)r @)

Both parameters Epg and Vpg can be determined from the slope and intercept of the
straight line in the DR-plot (In(V1) vs. (In(Py/ P))?), at very small relative pressures in the
linear region (Table 5). Micropore volumes can be calculated as the intercept [181]:

Vini = exp[In(VpR)] (8)

The mesopore volume (V,,e, cm?/g) can be calculated by subtracting the micropore
volumes V,; to the total pore volumes (V) [182,183]:

Vme = VT - Vmi (9)

4.3.2. Total Pore Volume

Total pore volume (Vr, cm?/g) frequently can be derived from a nitrogen adsorption
isotherm, through the BET analysis described in Section 4.1, under a certain relative
pressure value (i.e., P/Py < 0.998) [150]. Experimentally, the study of adsorption isotherms
uses the following Equation (10) [184]:

Vr = Gsat Poap (10)
Plig

where g, is the loading at saturation expressed at standard pressure and temperature
(mL/g); puap and py;; are the density for the vapour phase at standard pressure and temper-
ature and the liquid phase at normal boiling point, respectively. Analytically, the total pore
volume can also be determined through Equation (11) [176]:

1 1

Vp=——
TN Apan

(11)

where A is the macroscopic density of the dried material (g/mL) sample and Ay is the
effective particle density defined by Equation (12):

1
Apurticle - 1 (12)
/\ap"‘vmi

where A, is the apparent density (g/mL), described below in Section 4.3.6, and V,; is the
specific micropores volume (cm3/g), as previously described in Section 4.1.

The single, complete pore size distribution (CPSD) and total pore volume (V1) also
may be calculated from a model that combines model adsorption isotherms and mercury
intrusion curves [185] or using the Barrett-Joiner-Halenda (BJH) equation [186,187].
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4.3.3. Average Pore Width

Most of the porous materials are classified into four major groups based on their pore
size [171]:
ultra-micropores (<0.7 nm);
micropores (<2 nm);
mesopores (between 2 nm and 50 nm);
macropores (>50 nm).

The average pore width (d, A), can be analyzed by the Barrett-Joiner-Halenda (BJH)
method [188] or calculated from specific external surface (S.y+ = specific total area-specific
area of micropores) and total specific pore volume (Vr), via Equation (13) that assumes
cylindrical pores [176,189]:

_ 4(Vr)

d= 13
Sext ( )

4.3.4. Average Particle Size

The average size of the particles forming the carbon-based sorbents (um) may be
calculated from Syt and the particle density (Aygtice), assuming a spherical geometry [190],
according to Equation (14):

3

D=2—7—
SextApart

(14)

4.3.5. Particle Density

The real density, or particle density (Ayuticie, g/mL), is defined as the ratio between
the mass and the volume of a sample, without considering pores in the material (true
volume); in the case of granular or carbonaceous materials, the following Equation (15) is
used, which also considers the particle density and particle volume [191]:

Mg + My

15
Vs + Uy (15)

/\particle =
where m; and m;, are the dry mass of sample and water mass, respectively; v; and v, are
the solid and water volume of sample, respectively. The real density can be experimentally
measured using appropriate methodologies, using instruments in which a helium volume
cell is inserted (i.e., a pycnometer) [109,191,192]. Before being subjected to the analysis of
the real density, the sample is dried at 105 °C, to eliminate the contribution related to water;
the air volume will thus be increased by the evaporation of the water.

Measurement of the sample volume (Vszpypie) is performed by filling the sample cell
with helium to the required filling pressure; then the gas expands in the cell (p;) and the
final pressure at equilibrium (p,) are recorded. The sample volume is calculated according
to Equation (16):

Vexp cell

Usample = Ucell — (Pl 1
) -

(16)

where Usguple, Vel and Vexp cenr are the volume of the sample, the sample cell and the
expansion cell (mL), respectively; p; and p, are the run fill pressure and the final pressure,
respectively [192].

4.3.6. Apparent Density

Apparent density (or bulk density) (A4, g/mL) can be deduced from the dimensions
and weight of the carbonaceous material and by weighing a known volume of gently
tapped AC or BC, including pores and water [109,193]:

Ms + My

Agp = —— "0
P vs 4 vy + v,

(17)
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where v, is the air volume of the sample [192]. Moreover, wet (Ag) and dry (Agq)
bulk density (g/mL) of all carbon-based sorbents can be determined using the same
mass per unit volume technique; below are presented the Equations (18) and (19) for the
determination of both densities [194]:

™m
)\up,w = ; (18)

100 — wc
Aapd = waW (19)

where m, v and wc are the weight (g), volume (mL) and moisture content (%) of the
carbonaceous material, respectively.

4.3.7. Iodine Number

Iodine number (IN°) is one of the fundamental parameters used to characterize the
adsorption on carbonaceous materials [195]. IN° (mg/g) is the amount of iodine (in
milligrams) adsorbed by 1.0 g of the carbon-based sorbent under standard conditions [175].

Several standard tests can be used for the determination of IN°, where, likewise,
the amount of iodine remaining in the residual aqueous phase of the adsorption tests is
measured [195,196]. Therefore, IN® can be calculated using the following Equation (20):

_Up—UT 7|

IN°® = 2
UB mMI ( 0)

where vy, v; and vy are the volume of blank titration, the volume of test titration and volume
of iodine solution used, respectively; M is the molarity of iodine solution and m is the
weight of the carbon-based sorbents [197].

43.8. pH

To determine the pH value, a known quantity of carbonaceous material (i.e., 1.0 g)
is mixed with a certain volume (mL) of distilled or ultrapure water (i.e., 100 mL) and
subsequently, the pH is determined with a pH meter/specific probe [198].

4.3.9. Point of Zero Charge and Isoelectric Point

The point of zero charge (pHpzc) is the pH value at which the net electric charge
density on a material surface is zero. It is linked to the concept of isoelectric point (pHigp),
from which it differs when the adsorption of ions by the surface is not zero [199].

Defined amounts of carbon-sorbent materials are put into contact with acidic or basic
solutions with different molarities (i.e., 0.03 M KNOj [200] or 0.01 M NaCl [201]) and/or
normality (i.e., 0.1 N HCl and 0.1 N NaOH [202]). The aqueous solution is stirred for 24 h
in a shaker at 250 rpm, until equilibrium pH is reached.

Graphically, the point of zero charge (pHpzc) is the point at which a plateau is achieved
when plotting equilibrium pH versus sorbent mass (g or g/L).

4.3.10. Ash Content

For the determination of ash content (%), a known quantity of carbon-based sorbents
(i.e., 1.0 g [203]) is weighed and dried using a muffle oven at about 500 °C and subsequently
cooled in the dryer. Then, the % ash content (dry basis) is calculated from Equation

(21) [198]:
Meoc

Ash(%) = —<100 (21)

msg

where moc and m; are the weight of the sample after and before ash process, respectively.
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4.3.11. Elemental Composition

The elemental composition of carbon-based sorbents is highly dependent on feedstock
and conditions of the production process [187].

Analysis of the elemental composition of the carbonaceous material through, i.e.,
elemental analyzer [187,204,205] or X-ray fluorescence spectroscopy (XRF) [206,207], is
performed to establish the weight fractions of elements (i.e., C, N, H, S, O, Na and P) in
the sample.

Furthermore, molar ratios (i.e., H/C, O/C, C/N and (O + N)/C) can be subsequently
also calculated. These ratios provide an indication of the properties and the thermal
convection process production efficiency of the material [187].

4.3.12. Adsorption Capacity

The amount of a pollutant adsorbed onto a carbon-based sorbent, which represents

the adsorption capacity, g (mg/g), can be determined experimentally by Equation (22):
g— (G -0C)y,, (C—C)

m D 1/s

(22)

where Cy, C and C, (mg/L) are concentration at t = 0, at time t and at equilibrium, respec-
tively; V and m are the volume of solution (L) and the mass of adsorbent (g), respectively,
or the liquid-solid ratio (Dy;) of carbon-based sorbent (g /L) [208].

5. Adsorption of CBZ onto Carbon-Based Adsorbents

Table 6 summarizes the main experimental conditions and results of some of these
studies. In the next sections, these data will be discussed, as well as the relation between
physicochemical properties, operational parameters and CBZ adsorption, kinetics and
isotherms and removal mechanisms.

This section reports on the effects of the adsorbent properties and operational condi-
tions on CBZ adsorption. Afterwards, the main kinetic and isotherm models applied to
this process are presented and discussed.
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Table 6. CBZ adsorption in water solution by activated carbon and biochar: batch studies.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies ’
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition ¢ ™ %) Model Condition Parameter Model
SR: 120 rpm
GAC Calgon . . Aparticte: 0.85 g/mL T:23+1°C Kp: 73.79
R Bituminous Aap: 0.44 g/mL Co: 1 ug/L .
Filtrasorb 400 n.a 4 n.a n.a n.a n.a (ng/mg) Freundlich n.a. [45]
(F400) coal IN°: 1000 mg/g Dosage: L/ng)l/n
Sper: 1030 m?/g 1-10 mg/L (L/ng)
t: 288 h
SR: 120 rpm
GAC c A;}tzrtifle: 0.86 g/mL ’1;:23 +£1°C Kg: 57.56
PICACTIF oconut na ap: 0.51 g/mL na na na na 0: 1ug/L (ng/mg) Freundlich na. [45]
TE (PICA) shell IN°: 1237 mg/g Dosage: (L/ng)l/n
Sger: 1156 mz/g 1-10 mg/L &
t: 288 h
SR: 120 rpm SR: 120 rpm
T-24 +1°C T:24£1°C
GAC Calgon o pH:7
. Bituminous o pH:7 .
Filtrasorb 400 coal n.a IN°: 1000 mg/g Co: 1ne/L 144 na. na. Co: 1 ug/L gm: 2719 mg/g Sips na. [209]
(F400) %Osgge_ Various
5m /L. dosage
J t: 288 h
SR: 120 rpm SR: 120 rpm
T-24 +1°C T:24£1°C
GAC Coconut H:7 pH: 7
PICACTIF 2;211 na IN°: 1237 mg/g c Pl LLg/L n.a n.a Co: 1 ug/L gm: 571.7 mg/g Sips na. [209]
TE (PICA) %Osage_ Various
5m /L. dosage
J t: 288 h
. 2
Sper: 1216 /g gp. 50 pm SR: 250 rpm
A o Vr: 081 em’/g T: 30 °C T: 30 °C
C‘:E;’it;‘é Peach stone A‘.;tllvpag"“‘ gmi; 8'52’2 §$3§g Co:100mg/L  2-3 Geexp 30 na. Co: 100 mg/L  gy: 14,234 mg/g Sips na. [182]
S mer & Dosage: Various
pHigp: 3.2 +0.25 2400 mg/L dosage
pszci 3.1
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Table 6. Cont.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies ’
Operational q. (mg/g)/R Operational Isotherms
Condition te (h) (%) Condition Parameter Model
SBET3 959 mz/g . .
Activation: Vi 057eml/g N 2201Pm SR: 250 rpm
Activated N H;PO, Vi 042 cm®/g T:30°C T:30°C .
carbon O-PC Peach stone Modification: Vi 0.14 cm®/ g Cp: 100 mg/L 2-3 n.a Co: 1.00 mg/L Gm: 2456 mg/g Sips n.a [182]
] Dosage: Different
HN03 pHIEPA 25+0.25 2400 m. /L dosage
pHPZ(j: 2.12 & &
SBET: 1064 m /g . .
. Activation: Vr: 0.65 cm®/ g SR: 2500rpm SR: 2500rpm
Activated HAPO. V.- 0.46cm3/ T:30°C T:30°C
carbon Peach stone 34 mit 250 C /& Co: 100 mg/L 2-3 n.a Co: 100 mg/L Gm: 224 mg/g Sips na [182]
Modification: Vie: 0.18 cm3 /g
He-PC ) me Dosage: Various
He flow pHigp: 3.4 +0.25 2400 me /L dosage
pHPZ(jZ 4.3 & &
SR: 100 rpm
Co: 23630
PAC n.a n.a Sger: 470.1 m2/g ug/L* 2 Ge cale: 71.9 n.a n.a n.a n.a [210]
Dosage: 100
mg/L
. SR: 250 rpm
Sper: 278 m? /g SRT',ZSS(?fgm T: 30 °C
Activated chemical Vr: 0.26 cm3/ g .H' 65 pH: 6.5 gm: 45,000 Sis
carbon Rice husk activation with Vit 0.14 cm?/ g C pl 0(5 m /L 4 Jeexp: 170.3 Co: 100 mg/L mg/g G‘EB pore-filling [211]
AC-RH H;PO, Vi / Vi 0.538 0 & Dosage: (m: 26 mg/
pHpzc: 3.3 Dosage: 200-20,000 o'
PZC: O- o
2400 mg/L mg/L
SR: 250 rpm
SR: 250 o
Sper: 1521 m? /g Ta0ee T: 30°C 43447 Sips
Activated chemical Vr: 0.90 cm3/ g .H' 65 pH: 6.5 L]mr.n / ’ (Lan Irjn i
carbon Peach stones activation with Vit 0.52 cm3/ g C pl 06 m /L 4 Jeexp: 241.7 Cp: 100 mg/L %1(g) 2 Freu;g’l dlich) pore-filling [211]
AC-PS H;PO, Vi / Vi 0.578 O Dosa § Dosage: am: e CAB
Hpzc: 3.1 g 200-20,000 8/8
P 2400 mg/L

mg/L
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Table 6. Cont.
Adsorbent Modification/ Physico-Chemical Kinetic Isotherm .
Medium Feedstock Activation Properties Studies Studies Mechanism Ref.
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
SR: 250 rpm SR: 250 rpm
. 2 P P
GAC Sger: 102 ot /gg T: 30 °C T: 30 °C
Calgon Bituminous T 3 pH: 6.5 . pH: 6.5 Gm: 15543 mg/g Sips .
Filtrasorb 400 coal Vini: 0.46 e/ g Cp: 100 mg/L 4 e exp: 220.2 Cp: 100mg/L g2 131.3 mg/g GAB pore-filling (211]
Vini/ Vr: 0.793 > .
(F400) H 76-7.9 Dosage: Dosage: 200-
PLipzc: 7577 2400 mg/L 20,000 mg/L
Sper: 1.827 m*/g
. 3
Vr: 0010 m°/g SR: 12 rpm SR: 12 rpm
Ash: 10.827% . .
T: RM T: RM .
C:46.105% Hydrophobic
BC200 Peanut shell N: 0.988% & ng '4_6'/6L 168 :103420  2-CFOSM 1 0—580: /L 551 mg/g*  Dubinin- interaction 1,
Biochar canutshelis na H: 5.264% 0: 15 Mg Ge cale? ’ : me 202 M/ & Astakhov 7-7t bonding
. o Dosage: 5; Dosage: 1.25, . .
S: 0.404% interactions
o 2.5 and 2.5 and
0: 36.414% 125 mg/L* 5 mg/L*
H/C:1.370
(O+N)/C:0.61
Sper: 1.619 m*/g
Vr:0.010m3/g . SR: 12 rpm
Ash: 8.784% SR‘T.lfﬁ’m T:RM
C:47.120% pH'. 6.4-6.6 t: 168 h Hydrophobic
HBC200 N: 0.679% i . ] Co: . " Dubinin- interaction
Biochar Peanut shells HCl 1M washed H-: 5.469% Cg 13 mg/L 168 e calc: 1067.60 2-CFOSM 1.0-50 mg/L qm: 1276 mg/g Astakhov nem bonding [212]
) o osage: 5; . . .
S: 0.000% 25 and Dosage: 1.25, interactions
0: 37.948% 1 25’ me /L * 2.5and
H/C: 1.393 SO me 5mg/L*
(O+N)/C:0.616
Sper: 1435 m?/g
Vr:0.010m3/g SR: 12 rpm SR: 12 rpm
Ash: 6.530% T: RM T:RM
C: 49.395% pH: 6.4-6.6 t: 168 h Hydrophobic
FBC200 HCI/HF 1:1 N: 0.763% Co: 13 mg/L . ] Co: . " Dubinin- interaction
Biochar Peanut shells 1M washed H: 5.688% Dosage: 5; 168 e alc: 841.82 2-CFOSM 1.0-50 mg/L qn: 488 mg/g Astakhov m-1t bonding (212]
S:0.031% 2.5and 1.25 Dosage: 1.25, interactions
0O: 37.593% mg/L* 2.5and
H/C:1.382 5mg/L*
(O+N)/C:0.584
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Table 6. Cont.
Adsorbent Modification/ Physico-Chemical Kinetic Isotherm .
Medium Feedstock Activation Properties Studies Studies Mechanism Ref.
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
Sger: 7.088 mz/g
Vr: 0.018 m3/g . SR: 12 rpm
Ash: 14.852% R VA T:RM
C: 54.945% pH: 6.4-6.6 t: 168 h Hydrophobic
BC300 N: 1.572% qm . y Co: . " Dubinin- interaction
Biochar Peanut shells n.a H: 3.517% C]%. 13 mg / L 168 Ge cale: 2259.48 2-CFOSM 1.0-50 mg/L Gm: 6.39 mg/g Astakhov m-n bonding [212]
. o osage: 5; . . .
S:0.259% 25 and Dosage: 1.25, interactions
O: 24.844% 1 25' me /L * 2.5 and
H/C:0.768 o me 5mg/L*
(O+N)/C:0.364
Sper: 3.098 m?/g
Vr: 0.012m3/g . SR: 12 rpm
Ash: 10.415% R VA T:RM
C:56.913% pH" 6.4-6.6 te: 168 h Hydrophobic
HBC300 N: 1.428% ia . ; Co: . ‘ Dubinin- interaction
Biochar Peanut shells  HCl 1 M washed H: 3.864% ]C:I)O. 13 I'T‘lg/ L 168 e calc: 1402.54 2-CFOSM 1.0-50 mg/L Gm: 1481 mg/g Astakhov m-n bonding [212]
. o osage: 1.25, . . .
S:0.047% 25 and Dosage: 1.25, interactions
0O:27.333% 5 m L 2.5 and
H/C: 0.815 & 5mg/L*
(O+N)/C:0.382
Sper: 2.693m?/g
Vr: 0.011 m3/g SR: 12 rpm SR: 12 rpm
Ash: 7.970% T: RM * T: RM
HCI/HF 1:1 C:58.321% pH: 6.4-6.6 t: 168 h Hydrophobic
FBC300 ’ N:1.128% Co: 13 mg/L . Co: . " Dubinin- interaction
Biochar Peanut shells Wisl\}fe 4 H: 4.113% Dosage: 125, 108 fecalct 12181 2CFOSM 5 5oy i 684 mg/8 Astakhov  membonding 217
S: 0.046% 2.5and Dosage: 1.25, interactions
0O:28.421% 5mg/L* 2.5 and
H/C:0.846 5mg/L*

(O+N)/C:0.381
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Table 6. Cont.
Adsorbent Modification/ Physico-Chemical Kinetic Isotherm .
Medium Feedstock Activation Properties Studies Studies Mechanism Ref.
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
. 2
Sper: 64.728 1'31;1 /g SR: 12 rpm
Vr:0.057m°/g . .
SR: 12 rpm T: RM
Ash: 16.857%
T:RM * t: 168 h .
C:59.448% . . Hydrophobic
BC00  peanut shell na N: 1.603% Eismgt 168 09762 2CEOSM 1050 mg/L g 538mg/ge  Dubimin-  interaction [212]
Biochar canut shells ’ H: 2.710% 0 & e cale: ’ . & - 88 Astakhov -1t bonding
. o Dosage: 1.25, Dosage: 1.25, . -
S:0.264% interactions
2.5 and 2.5 and
0:19.117% 5me/L * 5me/L *
H/C: 0547 8 8
(O+N)/C:0.264
Sper: 72.251 m? /g
Vr: 0.061 m3/g . SR: 12 rpm
Ash: 11.489% R VA T:RM
C: 66.339% pH" 6.4-6.6 t: 168 h Hydrophobic
HBC500 N: 1.467% ia . ; Co: . " Dubinin- interaction
Biochar Peanut shells  HCl 1 M washed H: 28.14% Co: 13 mg/L 168 e cale: 2681.05 2-CFOSM 1.0-50 mg/L qm: 496 mg/g Astakhov m-n bonding [212]
. o Dosage: 1.25, . . -
S:0.020% 25 and Dosage: 1.25, interactions
0:17.870% 5 m L 2.5 and
H/C: 0.509 & 5mg/L*
(O+N)/C:0.221
Sper: 85.072m? /g
Vr: 0.069 m3/g . SR: 12 rpm
Ash: 8.260% SI; %\fﬁm T:RM
C:69.090% pH: 6.4-6.6 t: 168 h Hydrophobic
FBC500 HCI/HF 1:1 N: 1.407% Cim . Co: . " Dubinin- interaction
Biochar Peanut shells 1M washed H: 3.002% Co: 13 mg/L 168 e ale: 2510.47 2-CFOSM 1.0-50 mg/L " 395mg/g Astakhov m-7 bonding (212]
. o Dosage: 5; . . -
S: 0.052% 25 and Dosage: 1.25, interactions
0:18.189% 1 25' me /L * 2.5and
H/C: 0.521 o me 5mg/L*

(O+N)/C:0.215
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Table 6. Cont.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies '
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
SR: 250 rpm SR: 250 rpm
T:25°C T 25 °C
. 2 pH:7 Geexp (%) st T
Activated  Palmkermel o iy g oass a 100 4 12272 Diffusion- _initial con- . 16284 mg/g * Si interaction 5
carbon PKS shell 2 activatio e Cm3 8 150 110.92 ston aco 252 8/8 ps -1t bonding
Vine: 0.1835 cm” /g 5 chemisorption centration . .
00 84.96 interactions
PHpzc: 11.5 550 9204 model Dosage:
’ 1000 mg/L
Dosage: 4%
1000 mg/L .
T:25+2°C T:254+2°C .
Mesoporous . . . Hydrophobic
Activated Sper: 214 mz/g pH: 5.8-6 pH: 58-6 Brouers— interaction
n.a n.a Vine: 0.43 cm3/g Co: 50 mg/L 30 ge: 180 n.a Co: 50 mg/L qm: 191.55mg/g X [186]
carbon ‘ 3 D ! D ! Sotolongo 7-7t bonding
(Meso-AC 1) Vini: 0.008 cm®/g osage: osage: interactions
100 mg/L 100 mg/L
SR: 90 rpm
T:25°C
pH: 6.15 . SR: 90 rpm
Co (mg/L): 12;616'4 T: 25 °C
Sper: 13283 m?/g 15 204 £ 10 pH: 6.15
PAC Vegetable Agp: 0.25 g/mL 20 Co: gm: 220 & 51 Redlich-
Biopack origin na d: 13 A 25 72 ;gg i }g PSO 10-40 mg/L mg/g Peterson na [159]
Vr: 1.06 cm®/g 30 273 + 11 Dosage:
35 297 + 18 100 mg/L
40 t:72h
Dosage
100 mg/L
Sper: 47.25m?/g
Ash: 2 +0.1% . SR: 150
D: 0.06 um SRT',1255OOrgm T:25°C
C:83.1 +25% ‘H6 pH: 6 Ke: 0.068 Hvd
Nano Biochar Pine white . e pH: . B r: 0. . ydrogen
(BC-PW) wood n.a H: 31.\?. :5100/.11 Yo Co: 5 g /L 0.5 Ge cale: 0.0145 PSO sy ()Cf,_ o (ng/mg)(L /ng)l /n  Freundlich bonding [213]
e Dosage: 5
. g .
H/C:0.5 10 me /L Dosage:
C/N:>96.5 & 250 mg/L

pH: 6.61 £ 0.35
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Table 6. Cont.

Adsorbent

Modification/

Physico-Chemical

Kinetic

Isotherm

Medium Feedstock Activation Properties Studies Studies Mechanism
Operational Operational Parameter Isotherms
Condition Condition Model
T:19°C
PACCal(F?’OO) Co: glil 7 Log Kr: 1.2 . Polar
gon n.a. n.a n.a n.a 0: 0.1mg/L Log(mg/g)/(L/mg)! /Freundlich interactions
Filtrasorb 300 Dosage: 8(mg/g) mg
0-50 mg /L
SBET: 4.0 m23/g
VT';)_'ggizn[g /8 SR: 160 rpm
PN SR: 160 rpm T:25°C Pore filling
Asb: 12'3 o T:25°C pH:7 effects
Pristine SCG  Spent coffee na ?_1811 420//0 pH:7 Co: 1.0-10 1.20 Freundlich Electrostatic
biochars grounds ’ O: 2'20 /O Co: 1.0mg/L mg/L (mg/g)/(L/mg)'/" interaction
N: 2' 6 0/0 Dosage: Dosage: Hydrophobic
- /('} 0 0017 50 mg/L 50 mg/L interactions
0/C: 0027 t24h
N/C:0.032
Sper: 427.5 m32/g
VT-;).i?l’ll;H}\ /8 SR: 160 rpm
T SR: 160 rpm T:25°C Pore filling
Alkali- Agb&;%gf’ T:25°C pH:7 effects
modified Spent coffee Alkaline H 1'0 " pH:7 Co: 1.0-10 gm: 9174 mg /g Langmuir Electrostatic
SCG biochars grounds modification o: : 1.8% Co: 1.0mg/L mg/L " interaction
N: 2' 1% Dosage: Dosage: Hydrophobic
H/-C‘ O 013 50 mg/L 50 mg/L interactions
0/C: 0.023 t24h
N/C:0.026
Sper: 364 g/cm® T:25°C
Activated Vr: 0.40 ecm?® /em® pH:7 . Modified
carbon n.a. na Vit 0.10 cm®/em?® n.a Co: 250 pg/L i 245'130 Dubinin— n.a.
Darco KB-G Agp: 0.310 g/mL Dosage: mg/cm Ashtakov

d: 158 A

1000 mg/L
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Table 6. Cont.
Adsorbent Modification/ Physico-Chemical Kinetic Isotherm .
Medium Feedstock Activation Properties Studies Studies Mechanism Ref.
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
SR: 140 rpm
. 2 P
Sper: 12306 M%/g - gp. 140 1pm T:224+1°C
Vine: 0.101 c1113 /g T:22 + 1°C PH: 6
Microsporus . Vr:0.662cm° /g PRy . ey . m—-t EDA
carboneus ng;g;igélslose H3PO,4 Viis 0.500 cm® /g C p;Iz_é r6n 7 /L 1 48 6q1€ iﬁc' / PSO Cor'nl’SLSO Ke: 55?{ (frll;gn/g) Freundlich interaction [217]
material C: 64.50% Obcsagge, 8/8 Dogage' (mg/L) H bonding
P: 6.33% ' '
0: 29 18% 2000 mg/L ZOOB inﬁg/L
Sper: 1648 m?/g
Vit 0.61 cms/g
Vi 0.11 em®/g SR: 100 rpm
A d: <10 A SR: 100 rpm T: 30 °C
Activated Vine: 0.54 em”/g T: 30 °C pH: 6.73-7.33
carbon Vr:1.15 cm3/g pH: 6.73-7.33 Co: 1.0-100
WVA1110 Wood-based Acid activation Vi/ V2 0.53 Co: '10'0 mg./L 72 na. n.a .mé/L qm: 332.76 mg/g Sips na [169]
Wi\gtf; avi_co CI;T§9.9C;’/ ° Dosage: t72h
o .8n4.1°/ 500 mg/L Dosage:
S:n.d 20 mg/L
P:0.59%
Na: 1.08%
Sper. 1042 m?/g
Vit 0.40 Cm3/g
Vai: 027 em?*/g SR: 100 rpm
[, ES08 SR: 100 rpm T:30° C
Activated e D13 ey //gg T:30 °C pH: 6.73-7.33
carbon 5208 Coconuts Physic Ly pH: 6.73-7.33 Cop: 1.0-100 . .
Calgon shells activation V”é( ‘9/2T '68/'75 Cp: 100 mg/L 72 na n-a mg/L qm: 299.72 mg/ g Sips na [169]
Cargo Nen d° Dosage: t:72h
O .7n4()/ 500 mg/L Dosage:
S:n.d 250 mg/L
P:nd

Na: n.d




Sustainability 2021, 13, 11760

21 of 50

Table 6. Cont.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies ’
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
SgeT: 6.93 mz/g
d:151.2 A
Vr: 0.02.6 cm3/g . DR O
Vie: 0.0254 cm?3/ g T %{5 6C
Vi 61075 cm®/g pc(;,
Biochar . N: 0.17% i . ;
BC300 pine sawdust na. C: 72.78% n.a n.a n.a n.a 0.1;5(;(;argeg./L gm: 013 mg/g Sips na. [218]
n oo te: 168 h
0O:20.45%
H/C:0.75
0/C:0.21
Sper: 1490 m?/g
d: 759 A
Vr:0.0028 cm3/g o
T:2
Vie: 0.00150 cm®/ g HS 6C
Vit 00013 cm3/g PC(;.
Biochar . Bleaching N: 0.10% i . ;
BL300 Pine sawdust treatment C:28.88% n.a n.a n.a n.a 0.1—D’5(;(S)angleg'/L gm: 0.04 mg/g Sips n.a. [218]
e te: 168 h
0O: 25.68
H/C:1.47
0/C:0.67
SBET5 151.83 mz/g
d:333 A
Vr: 0.126 cm3 /g T-25°C
Vie: 0.05.9 Cm3/g ) H: 6
Vii: 0.0731 em?/g pc(;,
Biochar Pine sawdust N: 0.22% n.a n.a n.a n.a 0.1-5.0 mg/L Gm: 5.25mg/g Sips n.a. [218]
BC500 C: 80.66% Dosage:
C oo e to: 168 h
0:11.51%
H/C:0.46

0/C:0.11
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Table 6. Cont.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies '
Operational . (mg/g)/R Kinetics Operational Isotherms
CI:)ndition te (h) g (“/go;g Model C}:)ndition Parameter Model
SBET: 4.63 mz/g
d: 243.5 ﬁ;’
Vr. 0.028 cm”/g " HE O
Vie: 0.0274 cm®/ g B ‘;"{5 6C
V,i: 0.0006 cm? /g pc(;,
Béigolgr Pine sawdust E::tcrilei% é\l 6%.14662(/)0 na n.a na n.a 0.1;5.0 mg/ L gm: 040 mg/g Sips na. [218]
H: 2.89% B
o mg/L
S: 0.34% t,: 168 h
0:17.83%
H/C:0.51
0/C:0.20
Sper: 353.12m?/g
d: 32.1 A3
Vr:0.284 cm®/ A= o
Vet 0.103 cm?® /gg T %{5 6C
Vi 0182 em3/g pc(;-
Bég;har Pine sawdust N: 0.13% n.a n.a n.a n.a 0.1-5.0mg/L Gm: 3459 mg/g Sips n.a. [218]
00 C: 80.20% Dosage-
H: 1.70% 25 me /L
o, g
S: 0.08% te: 168 h
0O: 5.58%
H/C:0.25
0O/C:0.05
Sper: 25.17 m?/g
d:975A ,
V7:0.0610 cm” /g A= o
Vie: 0.0529 cm?3/ g T %{5 6C
V,i: 0.0081 cm?/g pc(;,
Béic;s%r Pine sawdust E::tcﬁler;gt g}%.lz?éz‘/’o na n.a n.a n.a 0.11—)5.0 mg/ L gm: 0.32mg/g Sips na. [218]
H: 1.99% B
. mg/L
S:0.12% t,: 168 h
0:19.77
H/C:0.32

0/C:0.20
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Table 6. Cont.

Adsorbent Feedstock Modification/ Physico-Chemical Kinetic Isotherm Mechanism Ref
Medium Activation Properties Studies Studies ’
Operational q. (mg/g)/R Kinetics Operational Isotherms
Condition te (h) (%) Model Condition Parameter Model
T:25°C
Col
Activated Argan tree Sger: 1159 mz/g 5.0-50 mg/L Kp:71.4 (mg/g) .
carbon nutshells na Vr: 0.64 cm®/ g na n.a. na na Dosage: (mg/L)™™ Freundlich na. [219]
100 mg/L
te:1h
2 SR1:":12550 °rgm SR: 150 rpm Hydrogen
Sger: 980 m /8 pH:7 T:25°C bonding
PAC I(ill 1? 19%5 Co: 100 pg/L 4 Ge cal: 42.20 PSO pI(‘—jI:.7 Kyp: 1.389L/ug Linear Hydrophobic [220]
pHpzc: 7. Dosage: 40_3000' /L interaction
2000 mg /L HE

Data shown are either reported as such in the articles or calculated with the available data (*). Co: initial concentration of CBZ (ug/L), d: average pore width (10\), D: average particle size (um), IN°: Iodine
number (mg/g), n.a.: not available, pHpyzc: point of zero charge (-), PSO: pseudo second order, g.: equilibrium adsorption capacity (mg/g), 4.: calculated equilibrium adsorption capacity (mg/g), §;: maximum
adsorption capacity (mg/g), R: removal efficiency (%), RM: room temperature, t,: equilibrium time (h), Sggr: specific surface area (m2/ g), SR: speed rotation (rpm), Vy,.: mesopore volume (cm?3/ 8), Vit
microspore volume (cm?/ g), Vr: total pore volume (cm?3/ ), Nparticle: particle density (g/mL), Aqp: apparent density (g/mL).
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5.1. Effect of the Adsorbent Properties
5.1.1. Textural Properties

Precursors, pyrolysis temperature and modification or activation processes alter the
physico-chemical characteristics of the adsorbent which influence its adsorption capac-
ity [218,221]. Many authors pointed out an increase in the adsorption capacity of the
biochar or activated carbon when the Sger and V,,;; increased.

For instance, Alvarez-Torrellas et al. (2017) studied the removal of CBZ using two
different activated carbons, AC-PS and AC-RH, which have been prepared under the same
conditions varying only the precursor of the activated carbon. The authors observed a
positive correlation between Sprr and the adsorption capacity of the activated carbons
studied (Spgr ac-ps: 1521 m?/g, Sper acrH: 278 M?/g; qe ac-ps: 241.7 Mg/g; qe AC-RH:
170.3 mg/g) [211].

Likewise, Chen et al. (2017) observed that the pyrolysis temperature and acid wash
modified the textural properties of biochar and consequently its adsorption capacity. In
this study, peanut shells biochar obtained by pyrolysis at 300 °C, 500 °C and 700 °C (BC200,
BC300 and BC500, respectively) were modified by HCI washing (HBC200, HBC300 and
HBC500, respectively) and with a mixture of HCl/HF washing (FBC200, FBC300 and
FBC500, respectively). This study proved that, independently of the modification, the
adsorption of CBZ on biochar is enhanced with increasing pyrolytic temperatures. This can
be attributed to the enhancement of the Sgrr, which is a consequence of the transformation
of amorphous carbon into aromatic carbon [212].

Among biochars synthesized at the same temperature, the authors noticed that those
produced at 500 °C presented a higher V1 after acidic washing, while at 300 °C and
200 °C this effect was not observed. This may be due to the pore structures being not well
developed in BC200 and BC300 so that the acid-wash treatment was unable to enhance
their Sprr [212]. Similarly, Chu et al. (2019) pointed out that by increasing the pyrolytic
temperature of biochar, the Sger and V,,;; increased and, as a consequence, the adsorption
capacity [218].

Another study conducted by Shin et al. (2020) demonstrated that the alkali modifi-
cation of SCG biochar (Spent Coffee Grounds biochar) enhanced its textural properties
(alkali-modified SCG biochar: Sper: 427.5 m?/g and Vr: 0.333 cm®/g; SCG biochar: Sger:
40m?/ g, Vr: 0.006 cm3/ g). The enhancement of the Sprr and V1 was associated with an
improvement of adsorption capacities (SCG biochars g.: 1.72 mg/g and alkali-modified
SCG biochars g.: 19.77 mg/g) [215].

Furthermore, Nielsen et al. (2014) demonstrated that the increment of textural proper-
ties for two commercially activated carbons, WVA1110 (a wood-based carbon) and 5208
(obtained from coconut shells), enhanced the adsorption capacity [169]. WVA1110 acti-
vated carbon presented higher Sprr and V,,,; than S208 activated carbon (i.e., 60% and 50%
higher, respectively). However, S208 activated carbon presented more pores smaller than
<10 A as compared to WVA1110 activated carbon, which significates that S208 activated
carbon predominated physical interaction with CBZ, while WVA1110 activated carbon
chemical interaction. Therefore, the interaction between CBZ and WVA1110 was proved to
be specific and the adsorption capacity of WVA1110 was higher than that of S208 [169].

El Mouchtari et al. (2020) compared an activated carbon with the same activated
carbon modified with 9% TiO [219]. They noticed that modified activated carbon presented
a smaller maximum adsorption capacity than activated carbon without any modification.
This reduction of the maximum adsorption capacity was associated with the drastic de-
crease in its Sgpr (activated carbon: Sgpr: 1159 mz/g, Vr: 0.64 cm3/g, gm: 1754 mg/g;
activated carbon 9% TiO: Sggr: 9.59 mz/g Vr:0.52 cm3/g, gm: 153.8 mg/g) [219].

5.1.2. Chemical Surface

Chemical properties such as elemental compositions, functional groups, bulk polarity
and ash content, influence the adsorption capacity of biochar and activated carbon. For
instance, Torrellas Alvarez et al. (2015) studied the removal of the CBZ using activated
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carbon (PS), a thermic treated activated carbon (He-PS) and an activated carbon treated
with HNOj3 (O-PS). They pointed out that the modification did not considerably affect
the textural properties but altered the chemical properties like the type of functional
groups and their concentration. Furthermore, O-PS presented an important increase in the
concentration of the oxygenated surface groups compared to PS due to the oxidation with
HNOg;. The enhancement of the oxygenated surface groups made O-PS less hydrophobic
and less affine to CBZ compared with PS (qp, pc: 14234 mg/g qm o-rc: 2456 mg/g). This
decrease was explained due to the competitive effect between CBZ and water molecules
for the available activated sites [182].

Pyrolysis temperature and acidic modification also alter chemicals properties. For
example, Chen et al. (2017) pointed out that pyrolysis temperature and acid wash also
modified the chemical surface properties of biochars. They analyzed the data from adsorp-
tion studies by Dubin-Ashtakhov kinetic model which described fast and slow adsorption
of CBZ. It was noticed that fast and slow adsorption were affected by varying the carbon
structure. At higher pyrolysis temperature, fast adsorption was favored because of the
higher aromatic carbon component, while at lower pyrolysis temperature, slow adsorption
was enhanced because of higher amorphous carbon component. The increment of the
aromatic carbon component with the increased temperature is justified by the decreasing
H/C ratio. On the other hand, at the same pyrolysis temperature, acid-washed biochar
(FBC and HBC) presented a minor CBZ adsorption capacity than biochar (BC). This may
be attributed to the decrease of the ash content due to the acid washing [212].

Likewise, Chu et al. (2019) noticed that the adsorption capacity of biochar increased
when the biochar pyrolytic temperature increased, due to the enhancement of condensed
aromatic carbons since biochar obtained at higher temperatures presented higher O%
content H/C and O/C ratios while less C% content. On the other hand, after bleaching
treatment, the adsorption capacity of the biochars decreased because of the removal of
noncondensed aromatic carbons. This is probably related to the increasing H/C [218].

According to Shin et al. (2020), the alkali-modified SCG biochar presented smaller
elemental content (C, H, N, O) and lower values of the H/C O/C and N/C ratios than
SCG biochar. These results indicated that the alkali-modified SCG biochars were more
carbonized than the SCG biochars. Furthermore, alkali-modified SCG biochar presented
only a strong infrared (IR) peak associated with carboxylic acids (C = O) while SCG biochar
presented two IR peaks, one associated with carboxylic acids (C = O) and the other one
associated with ether (C-O-C). These differences made alkali modified SCG biochar more
hydrophobic than SCG biochar, leading to its higher affinity and higher CBZ removal [215].

5.1.3. Effect of the Log Ky

Octanol/water partition coefficients (Log Ky) of organic pollutants represent their
hydrophobicity character. Thus, higher Ky, indicates higher hydrophobicity character and
higher affinity of a substance to the adsorbent [211].

However, it is important to consider other factors that can affect adsorbability. For
instance, Yu et al. (2008) noticed that among three compounds adsorbed onto activated
carbon, nonylphenol (Log Kyy: 5.8), naproxen (log Kyy: 3.18) and CBZ (Log Kyw: 2.45),
nonylphenol was the less adsorbed onto two activated carbons, the second one was
naproxen while the most adsorbed was CBZ, which was the opposite to what had been
expected according to their Log Ky,y. The lower adsorption affinity of naproxen compared
to CBZ can be explained by the dissociation of the acidic naproxen at experimental pH. If
naproxen Log Ky, is recalculated according to Equation (23) for acid compounds so that
modified Naproxen Log K, becomes lower than CBZ Log Koy, its lower affinity to the
activated carbons concerning CBZ becomes evident.

However, the lowest affinity of nonylphenol, which is a neutral compound at water
pH, to the activated carbon could be due to the strong bonding between nonylphenol
hydrophilic group and activated carbon when the nonylphenol concentration is low, but at
high concentration, the mechanism was not clear [45].
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In another study of the same research group, Yu et al. (2005) found the same ten-
dency: nonylphenol presented lower adsorption capacity than naproxen and CBZ, even if
nonylphenol had a higher Log K, than the other two compounds. They postulated that
the adsorption also depends on other properties such as functional groups and surface
charge of adsorbents [209].

Furthermore, Alvarez-Torrellas et al. (2017) noticed that CBZ and ciprofloxacin pre-
sented similar adsorptive affinity towards the carbon surface even if CBZ has a higher Log
Ko than ciprofloxacin. According to the authors, this effect could be mainly attributed to
strong -7t electron Donor—Acceptor [211]:

! Kaw

0 Ty 00k >

where K|, represents the K, corrected based on the experimental pH, for neutral species
and pK, is the negative base-10 logarithm of the acid dissociation constant (Kj).

According to the studies above presented, the Log Ko, of CBZ can help to predict how
this one will behave in the adsorption process; however, the pH of the water solution or
the interaction between the molecule and the surface of the carbon material can cause a
relevant difference between the predicted and the observed behavior.

5.2. Effect of Operational Conditions
52.1.pH

pH is an important factor that affects the adsorption of CBZ since it can modify the
surface charge of the adsorbent and the speciation of the molecule (see Table 7) [186,201].

Table 7. Effect of pH on carbamazepine adsorption.

Adsorbent Medium Operational Condition Modified Parameter R/g., (mg/g) Ref.
SR: 2500rpm pH: R (%):
T:25°C 3 30
Activated carbon PKS Co: 250 mg/L [201]
5 80
Dosage: 1000 mg/L 10 80
t:24h
pH: qm (Ng/g):
T:25+2°C 2 113
Mesoporous activated carbon Co: 50 mg/L 4 165 [186]
(Meso-AC 1) Dosage: 100 mg/L 6 170
t:05h 8 188
10 140
SR: 1600rpm pH: R (%):
T:25°C 3 10
Pristine SCG biochars Co: 1.0mg/L [215]
7 10
Dosage: 50 mg/L 1 10
t:24h
SR: 160 rpm pH: R (%):
. - . T:25°C 3 100
Alkali-modified SCG biochars Co: 1.0 mg/L - 100 [215]
Dosage: 50 mg/L 11 100

Data shown are either reported as such in the articles or calculated with the available data. Cy: initial concentration of CBZ (ug/L), qiu:
maximum adsorption capacity (mg/g), R: removal efficiency (%), SR: speed rotation (rpm), t: time (h), T: temperature (°C).

CBZ presents two pK, values, i.e., 2.3 and 13.9 and in this range is into zwitterion
forms; below pH 2.3, CBZ is positively charged, while above pH 13.9 it is negatively
charged [45,201,222]. Table 7 summarizes the results of some studies in which the CBZ
adsorption test was conducted at different pH and temperature values.

For instance, To et al. (2017) observed that at pH 3, 5 and 10, the adsorption removal
of CBZ from water solution by PKS activated carbon was the same, concluding that since
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in this pH range CBZ was uncharged the adsorption process involves hydrophobic and
-7t bonding [201].

Similarly, Shin et al. (2020) noticed that the adsorption removal of CBZ onto SCG
biochar and alkali-modified SCG biochar did not change with the variation of the pH in the
range 3-11 [215]. On the other hand, Ncibi and Sillanpé&é (2017) showed that adsorption
capacity of CBZ onto mesoporous activated carbon (Meso-AC 1) increased into pH range
2-8 (from 113 mg/g to 188 mg/g) while from pH 8 to 10 the adsorption capacity decreased
from 188 mg/g to 140 mg/g approximately. According to the authors, this change in the
adsorption capacity could be due to a combination of mechanisms such us hydrophobic
and 7t-7t interaction between CBZ'’s benzene ring and the activated carbon [186].

Likewise, Naghdi et al. (2017) also observed an increase of CBZ removal when the
pH increases from 3 to 9. According to the authors, this tendency may be explained by the
presence of cations H* in the medium [213].

Thus, at lower pH there is a higher H* concentration so the functional group of CBZ
could interact more easily with the H* present in the medium, while at higher pH, where
H* concentration is lower, the hydrogen bonding donor groups on CBZ could interact
with hydrogen bonding acceptors or 7 donor into adsorbent material, thus enhancing the
removal capacity [213].

Suriyanon et al. (2013) did not show any consistent relationship between pH change
and CBZ adsorption capacity onto PAC, which may be due to the various types of surface
functional groups onto the PAC surface [220].

5.2.2. Temperature

Temperature can also influence CBZ adsorption, as shown in Figure 1. Ncibi and Sillan-
péé (2017) noticed that CBZ removal efficiency onto activated carbon (Meso-AC1) increased
from 104 to 251 mg/g for temperature solution increase from 15 to 45 °C, respectively [186].

300

(Carbamazepine)

275 ™ MWCNT
250 = Meso-AC 1 m 1
25
200 r 1
175 [ ]
1
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100 i
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Figure 1. Influence of temperature on CBZ removal by Meso-AC1 and MWCNT [186]. Reprinted
from Journal of Molecular Liquids, 238, Mohamed Chaker Ncibi,Mika Sillanpaa, Optimizing the
removal of pharmaceutical drugs Carbamazepine and Dorzolamide from aqueous solutions using
mesoporous activated carbons and multi-walled carbon nanotubes 379-388 Copyright (2017), with
permission from Elsevier.

Qe (mg/fg)
5

This result is in agreement with the study conducted by Suriyanon et al. (2013) in
which the variation of the CBZ adsorption onto PAC with the temperature change was
related to the Gibbs free energies. The authors concluded that the Gibbs free energies of
the adsorption (DGo) increased when temperature increased, thus suggesting that the
adsorption is more favorable at higher temperatures [220].
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5.2.3. Rotational Speed

The rotational speed of the batch tests can also influence CBZ adsorption. Naghdi et al.
(2017) studied how CBZ adsorption changed whit the rotational speed in the adsorption
process. They concluded that CBZ adsorption enhanced from 29% to 67% with the increase
of the rotational speed from 90 to 210 rpm, while from 210 to 240 rpm any considerable
increment was observed [213].

These results are in accordance with Walker et al. (2003) who suggested that, around
the adsorbent, there is a thin layer where the surface viscous forces resist against fluid
movement, impeding mass transfer of the adsorbate. Thus, higher rotational speed causes
a higher mass transfer and consequently a higher adsorption [213,223].

5.2.4. Presence of Competitive Contaminants

In water and wastewater, CBZ is usually present with other contaminants so it is
important to study CBZ adsorption in multicomponent solutions. However, little research
has compared single CBZ adsorption with competitive CBZ adsorption.

The few available data sets highlighted a reduction in the CBZ adsorption due to the
competitive effect (see Table 8).

For instance, Alvarez-Torrellas et al. (2017) noticed a reduction in CBZ adsorption in
bi-component solution (CBZ 100 mg/L and ciprofloxacin hydrochloride (CPX) 100 mg/L)
concerning CBZ in a single solute solution. They postulated that this difference can be
related to the textural properties of the adsorbent. A high affinity of CBZ was observed
towards AC-F400 and as a consequence, a reduction of the adsorption capacity was ob-
served for CPX (of 67% and 80% for CBZ and CPX, respectively, between single and binary
solutions) which can be explained by the minor molecular weight of CBZ with respect to
CPX. Thus, CBZ can easily arrive at the inner microporous surface of AC-F400 activated
carbon [211]. The same tendency was observed by Suriyanon et al. (2013): the adsorption
capacities of PAC for CBZ decreased when CBZ was in a binary solution with diclofenac,
which can be due to the complexity of the functional groups on PAC surface and the
disorder of its microporous structure [220].

Similarly, Shin et al. (2020) noticed that on the alkali-modified SCG biochars there was
a reduction of the CBZ adsorption equal to 61% when the adsorption was carried out in a
multicomponent solution (i.e., CBZ, 17 a-ethinylestradiol, Ibuprofen). In contrast, when
CBZ adsorption from a single solution was carried out onto SCG biochars (not modified),
CBZ removal was similarly close to multicomponent solution adsorption. Furthermore,
the CBZ removal from multicomponent solution was not affected by pH changes and was
the same as removal from single solution [215].

Delgado et al. (2019) also studied the competitive effect in CBZ adsorption and noticed
that at higher initial concentrations (Cy ~ 5.0 mg/L), the adsorption kinetics of CBZ was
slower in multicomponent solution (CBZ and sildenafil citrate) than in CBZ single solution.
However, at a small initial concentration (200 ng/L), there were no significate differences
between CBZ adsorption from multicomponent solution and single solution [159].
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Table 8. Comparison of CBZ adsorption between single and multicomponent solutions.

Adsorbent Medium Operational Condition Single CBZ Solution Multicomponent CBZ Solution Ref.
R/Adsorption Composition R/Adsorption
Parameter P Parameter
SR: 250 rpm
T:30°C CBZ
Activated carbon te:4h . Ciprofloxacin eexp: 71.5 mg/
Calgon Filtrasorb 400 pH: 6.5 Geerp: 220.2mg/8 hydrochll)oride Cp of each °/Z de;;reasing:g67%5 (211]
Co: 100 mg/L component: 100 mg/L
Dosages: different
SR: 250 rpm
T:30 °C CBZ
Activated carbon teg:4h . Ciprofloxacin eewp: 129.2 mg/
(AC-PS) pllllz 6.5 Geowp: 241.7mg/g hydrochlioride Co of each "Z) dgcreasing: %16% [211]
Co: 100 mg/L component: 100 mg/L
Dosages: different
SR: 250 rpm
T:30°C CBZ
Activated carbon te:4h . Ciprofloxacin Geexp: 73.5mg/
AC-RH pH: 6.5 Geexp: 1703 mg/g hydrochrl)oride Cp of each % de;éreasing:g56g.8 (211]
Co: 100 mg/L component: 100 mg/L
Dosages: different
SR: 90 rpm
PAC gHZ'SG 1C5 CBZ: Cp 4.5+ 02mg/L
. A R: 10% Sildenafil citrate: Cy R: 40% [159]
Biopack t:10h 5100 + 1 me/L
Dosage: 100 mg/L ‘ &
Co: 4500 + 200 pg/L
SR: 90 rpm
PAC 5;56 1C5 CBZ: Cy 130 & 10 nug/L
. A R: 10% Sildenafil citrate Cy: R: 10% [159]
Biopack t10h 0.210 = 0.050 mg/L
Dosage: 100 mg/L ’ ) g
Co: 130 + 10 ug/L
SR: 160rpm
T: 25 "g ge: 1.77 mg/g .CBZ . ge: 1.76 mg/g
o ' H: 7 (PSO) 17 x-ethinylestradiol (PSO)
Pristine SCG biochars tP 24h Ke: 1.20 Ibuprofen Ko: 258 [215]
e e Cy of each component: F-< 1/n
Co: 1.0mg/L (mg/mg)(L/mg)'/™ 1.0 me /1. (mg/mg)(L/mg)
Dosage: 50 mg/L L mg
SR: 1600rpm CBZ
T25°C 17 «-ethinylestradiol
Alkali-modiﬁed SCG pH:7 ge: 19.61 mg/g Ibupzofen ge: 1876 mg/g [215]
biochars 1t8 : riz 1/1L gm: 91.74 mg/g Co of each component: gm: 30.40 mg/g
Dosage: 50 mg/L 10 mg/L
SR: 160 rpm
T:25°C
t:24h o CBZ o,
Co: 1.0mg/L Rl (()({Z ) 17 x-ethinylestradiol Rl é({z )
Pristine SCG biochars Dosage: 50 mg/L 10% Ibuprofen 10% [215]
pH 10% Co of each component: 10%
3 1.0 mg/L
7
10
SR: 160 rpm
T:25°C
t:24h o CBZ o,
Alkali-modified SCG Co: 1.9 mg/L Rg(éo)' 17 x-ethinylestradiol R9(0/°)'
biochars Dosage: 50 mg/L % Ibuprofen % [215]
pH 90 Co of each component: 90
3 1.0 mg/L
7
10

Data shown are either reported as such in the articles or calculated with the available data. Cy: initial concentration of CBZ (ug/L), Kf:
Freundlich constant [(mg/mg) (L/mg)!/], 4, exp: experimental equilibrium adsorption capacity (mg/g), g.: equilibrium adsorption capacity
(mg/g), R: Removal efficiency (%), SR: Speed rotation (rpm), t: time (h), t.: equilibrium time (h), T: temperature (°C).
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5.2.5. Organic Matter

Table 9 summarizes some of the studies in which CBZ adsorption was compared in

the absence and presence of dissolved organic matter (DOM).

Table 9. Comparison of CBZ adsorption in the presence and absence of DOM.

. . ips CBZ Solution without CBZ Solution with
Adsorbent Medium Operational Condition DOM DOM Ref.
R/Adsortion Parameter Character'ls'tlcs/ R/Adsortion
Composition Parameter
WW from a secondary
SR: 90 rpm treatment
T:25°C pH:7.3-7.5
Biopack feioh R 10% g R 10% 15
Dosage: 100 mg/L Conductivity:
Co: 130 £ 10 ug/L 0.96-1.03 ms/cm
COD: 18-27 mg/L
T:19 °C
pH: 7 R (%): R (%):
fo: 1440 0 0
Co: 100 pug/L 10 10
Dosage (mg/L): 20 Effluent organic matter 20
PAC (F300) 0.5 37 (EfOM) 37 [214]
Calgon Filtrasorb 300 1.0 75 Total organic carbon 55
3.0 100 40mg/L 70
5.0 100 75
10.0 Log Kr: 1.2 Log Kr: 2.6
20.0 (mg/g)/(L/mg)}/" (mg/g)/(L/mg)/"
50.0
SR: 160 rpm
T:25°C
- . pH: 7 L0 <o C 5o
Pristine SCG biochars t 1440 min R:9.6% Humic acids: 5.0 mg/L R:2.5% [215]
Co: 1.0mg/L
Dosage: 50 mg/L
SR: 160 rpm
T:25°C
Alkali-modified SCG t: 1440 min o C . o
biochars pH: 7 R: 95.9% Humic acids: 5.0 mg/L R:94.1% [215]
Co: 1.0mg/L
Dosage: 50 mg/L
SR: 160
T:25°C Humic acids: 5.0 mg/L
Pristine SCG biochars Pz R: 8.7% 17 “’eifgrr‘ryée/sfadmlz R: 6.6% [215]
b Co: 1.051(1)1g/L/L Ibuprofen: 1.0 mg/L
osage: 50 mg
SR: 160 rpm
T:25°C Humic acids: 5 mg/L
Alkah_gg;ilafid SCG tp I%I4171 R: 82.3% 17 oc—e{l})lrr\r};;e/s{radlolz R: 75.3% [215]
Co: 1.0mg/L Ibuprofen: 1.0 mg/L
Dosage: 50 mg/L
SR: 120 rpm Post sedimentation water
PICACTIF T S/t B L ST
(PICA) Dosage: 1-10 mg/L &/mg & DOC: 3.0-5.4 mg/L 5/8 &
t: 288 h pH:7.5-7.9
SR: 120 rpm Post sedimentation water
Calgon F(;,ﬁrgsorb 00 TC O2:31ﬂ:l ; ) LC o ﬁF;)(yE,,/i? o sterilized g\%\): full-scale Kp: Lz./sz (nf/gn/ g) [45]
(F400) Dosage: 1-10 mg/L g/mg)(L/ng DOC: 3.0-5.4 mg/L (L/mg)
t: 288 h pH:7.5-7.9

Data shown are either reported as such in the articles or calculated with the available data. Cy: initial concentration of carbamazepine
(ug/L or mg/L), DO: dissolved oxygen (mg/L), DOC: dissolved organic carbon (mg/L), Kr: Freundlich constant [(mg/mg)(L/ mg)l/ n,

ge: equilibrium adsorption capacity (mg/g), R: Removal efficient (%), SR: Speed rotation (rpm), t: time (h or min), T: temperature (°C).
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For instance, Shin et al. (2020) studied single and competitive CBZ adsorption (CBZ,
17 x-ethinylestradiol, ibuprofen, Cy: 1 mg/L) with and without DOM (Cy: 5 mg/L) onto the
pristine and alkali-modified SCG biochars. It was shown that the CBZ removal in presence
of DOM was less than that in absence of DOM either in the CBZ single or the competitive
adsorption (SCG biochars: single removal efficiency of CBZ without DOM: 9.6%; single
removal efficiency of CBZ with DOM: 2.5%; competitive removal efficiency of CBZ without
DOM: 8.7%; removal efficiency of CBZ with DOM: 6.6%; Alkali-modified SCG biochars:
single removal efficiency of CBZ without DOM: 95.9%; single removal efficiency of CBZ
with DOM: 94.1%). They concluded that DOM competes with CBZ for the activated sites,
causing a decrease in CBZ adsorption, since the hydrophobic interactions between DOM
and the adsorbent surfaces negatively affect the adsorption of CBZ [215].

Similarly, Yu et al. (2008) studied CBZ adsorption from ultrapure water and from
postsedimental wastewater (PS) at a spiked concentration of 1.0 mg/L. They noticed
a competition between CBZ and DOM based on the reduction of the Kr. The authors
suggested that the competition between CBZ and DOM can be attributed to the similar
size of a part of the DOM and CBZ molecules [45].

Furthermore, Dickenson and Drewes (2010) compared the CBZ adsorption in ultra-
pure water and in Effluent Organic Matter aqueous matrices (EfOm) using different acti-
vated PAC dosages. They noticed that at higher PAC dosages (>10 mg/L), CBZ adsorption
in EfOm was less than that in ultrapure water, while at lower PAC dosages (<10 mg/L) it
did not differ in the two matrices [214].

On the other hand, according to Delgado et al. (2019), no significant differences in
CBZ adsorption were observed using ultrapure water or wastewater [159].

5.3. Adsorption Mechanisms

Different mechanisms have been proposed to explain the CBZ adsorption onto acti-
vated carbon and biochar, as shown in Figure 2.
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Figure 2. CBZ adsorption mechanisms onto activated carbon and biochar.

One of them is the pore-filling mechanism, which is the main mechanism involved
in the adsorption of small-size organic compounds such as CBZ [224]. This mechanism
explains why the CBZ adsorption onto two different activated carbons (such as AC-PS and
AC-RH) was positively correlated with Sppr [224].

Other mechanisms suggested are hydrophobic interaction and 7t-7t interaction: Chen
et al. (2017) highlighted that 7-7r interaction might be an important mechanism of the CBZ
adsorption onto biochar (BC, HBC and FBC series) due to a significant negative correlation
between Ky (solid-liquid partition coefficient) and (O + N)/C and Ky and H/C [212].

Similar interactions were proposed by To et al. (2017) and Ncibi and Sillanpaa (2017)
who affirmed that no electrostatic interaction occurred between CBZ and activated carbon
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because in the pH range of the adsorption process CBZ is a neutral molecule (pK,;: 2.3 and
pKap: 13.9) [186,201].

Likewise, Shin et al. (2020) noticed that the adsorption removal order of 17x-ethinyl
estradiol (EE2), ibuprofen and CBZ agreed with the order of the Log D (distribution
coefficient) values of the micropollutants under different pH conditions. Thus, the authors
concluded that pore-filling, electrostatic and hydrophobic effects were the main interactions
in the removal of CBZ by the studied biochars [215].

5.4. Kinetic and Isotherm Models of CBZ Adsorption onto Carbon-Based Sorbents
5.4.1. Adsorption Kinetics Models

The adsorption kinetics studies are important because they provide information about
the rate of the adsorption process and point out the main factors that affect the rate of
reaction [221]. The adsorption process involves three steps: external mass transfer, internal
diffusion, and adsorption. During the external mass transfer, the adsorbate moves from
the solution to the external surface of the adsorbent; in the internal diffusion, the adsorbate
migrates to the sorption sites and finally, during the adsorption the adsorbate is linked
to the adsorbent [225]. To study the different mechanisms of adsorption, many kinetics
models have been developed. Kinetics models, such as pseudo-first-order, pseudo-second-
order, Elovich, Pseudo n order, consider the adsorption as the limiting step. On the other
hand, models like Weber and Morris, Crank and Boyd suppose that the diffusion process is
the limiting step [221,226]. Nonlinear regression and/or linear regression can be applied
for calculating kinetic parameters. Following the kinetics models identified in the CBZ
adsorption studies are described.

Pseudo-First-Order

The pseudo-first-order (PFO) model, initially proposed by Lagergren [227] is based
on a nonreversible reaction where the rate of adsorption over time is directly proportional
to the number of unoccupied sites by the adsorbate [159,228]. The PFO model can be
expressed as the nonlinear Equation (24):

9 = e (1- &) (24)

where k; is the apparent rate constant (L/min), 4; and g. (mg/g) are the adsorption capacity
at time t and at equilibrium. Its linearized form is also presented below:

In(ge — q¢) = qe — kyt (25)

Pseudo Second Order

The pseudo-second-order (PSO) model, proposed by Ho and McKay [229], is based
on the assumption that the limiting phase is the chemical adsorption. The adsorption rate,
over the entire adsorption process, is considered proportional to the square of the number
of unoccupied sites [230]. In this condition, the adsorption rate does not depend on the
equilibrium concentration, but on the adsorption capacity [231]. The PSO model equation
can be expressed in the nonlinear Equation (26) below [232]:

kg2

T 1t koqet (26)

qt

where k; is the apparent rate constant [g/(mg min)] [233]; its linearized form is also

presented below:
t 1 1
— =4+ —t 27
g kg ge )
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Two-Compartment First-Order Adsorption Model

A two-compartment first-order adsorption model (2-CFOSM) describes the adsorption
kinetics on carbon-based sorbents to reveal the effects of varying the carbon structure and
mineral composition of carbonaceous material on fast and slow adsorption. The 2-CFOSM
model equation is described below [212]:

% - ff(l - e*ksf) +f (1 - e—"ff) (28)

fp fs and ky, ks represent the fractions (-) and the rate constants (1/h) of the two compart-
ments (f = fast and s = slow), respectively.

Ritchie Second-Order and Modified Ritchie Second-Order

Ritchie (1977) [234] used a second-order empirical equation to represent the kinetic
adsorption of gases onto a solid; afterwards, it has also been applied to solid /solution
sorption systems [235]. The Ritchie second-order and modified second-order models are
usually used to measure the initial particle loading [201,208].

The Ritchie second-order [208] model equation can be expressed as in Equation (29):

1
=01~ (7)) =

where kg represents the Ritchie second-order rate constant (L /min).
The modified Ritchie second-order [201] model equation can be expressed as in

Equation (30):
1
=01~ (57w .

where B, and kg represent the surface coverage of the adsorbent (or the initial particle
loading) and the modified Ritchie second-order rate constant (L /min), respectively [208].

Diffusion-Chemisorption

The diffusion-chemisorption model was developed to simulate sorption of heavy
metals unto heterogeneous media, through an empirical differential equation proposed by
Sutherland (2004) [236]. This model is described by the nonlinear Equation (31):

K t0'5
=2 (31)
kDC + e
It can be expressed linearly as Equation (32):
05
! 1y 1ps (32)

; - E e
where kp is the diffusion-chemisorption constant [mg/(g h0%)] [237,238].

5.4.2. Adsorption Isotherms Models

Equilibrium sorption isotherms studies are useful to determine the adsorption capacity
of the adsorbent for an adsorbate [239]. Thus, many adsorption isotherms models, such as
Freundlich, Langmuir, Redlich-Peterson, Linear, etc., have been studied [240,241].

Nonlinear regression and/or linear regression can be applied for calculating isotherm
parameters. Next, the isotherm models identified in the CBZ adsorption studies are
described.
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Linear

The linear, or Henry’s isotherm model, is considered the simplest adsorption isotherm
model [242]. The relationship between concentration and adsorption capacity, at equilib-
rium time, can be expressed linearly as the Equation (33) [220]:

ge = KyeCe (33)

where Ky is the linear constant (L/g) [243]. To determine the Henry maximum adsorption
capacity (q), it is necessary to pose the concentration equal to the value at the beginning
(t=0):

gm = KueCo (34)

Langmuir

The Langmuir adsorption isotherm was the first to be used to describe the gas—solid-
phase adsorption [244].

In the reversible monolayer adsorption of the Langmuir model, the adsorbent and
the adsorbate are in dynamic equilibrium through a homogeneous surface coverage of the
adsorbate molecules on the adsorbent, expressed as fractional coverage and depending on
the equilibrium concentration of the adsorbate [240]. This model is represented as follows

in the nonlinear form [245]:
gmKy, Ce
= 35
9= 11 K.Co (35)
where g, is the maximum amount of adsorbate per unit of adsorbent mass (mg/g) and Kp.
is the Langmuir equilibrium constant (L/ng) related to the adsorption capacity and energy

of adsorption [232].

Freundlich

Freundlich isotherm describes a multilayer reversible adsorption at a heterogeneous
surface through an exponential nonlinear equation [246]. The model assumes that the
adsorption capacity increases with the adsorbate concentration [36]. The expression of the
Freundlich equation is given as Equation (36) [202]:

1
qe = KeC¢ (36)

where K is the adsorption affinity-related parameter [(mg/kg) (mg/L)!/"] and 7 is the
nonlinear coefficient.

To determine the Freundlich maximum adsorption capacity (g;), once the Freundlich
parameters have been calculated, it is necessary to insert the initial constant concentration
in Equation (35), instead of that of equilibrium, thus, according to Halsey [247]:

1
qm = KpCy (37)

Redlich-Peterson

The Redlich-Peterson model is a combination of the Langmuir and Freundlich ap-
proaches and it may be used to represent the dependence of adsorption capacity over
a wide concentration range [245]. The nonlinear form of this three-parameter empirical
model is given in Equation (38):

~ KgpC
e

=& = 38
1+L1RPC,’;RP (38)
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where Krp (L/g), arp [(mg/L)-"’"] and ngp (-) are the Redlich-Peterson constants; #ngp
ranges between 0 and 1. The Redlich-Peterson maximum adsorption capacity can be
calculated using Equation (39) [248]:

K
gm = —=F (39)
arp

Sips

The Sips isotherm, also known as the Freundlich-Langmuir model, is a combination of
the Freundlich and Langmuir models; in fact, it has a form similar to Freundlich isotherm,
differing in the maximum adsorption capacity at a sufficiently high concentration [249].
Therefore, this model is suitable for predicting adsorption on heterogeneous surfaces, as
the increase of adsorption capacity is limited, normally associated with the Freundlich
model [242]. Its nonlinear form equation can be represented as follows:

KsCe®

— gp——Ste 40
I KOS (40)

de

where gy, is the maximum adsorption capacity (mg/g); Ks (L/g) and ng (-) represent the
affinity constant for the adsorption and the index of heterogeneity which can vary from 0
to 1, respectively [248,250].

Guggenheim—-Anderson-De Boer

Guggenheim—-Anderson-De Boer (GAB) model considers multilayer adsorption by
assuming that each molecule in the first adsorbed layer provides one site for the second
and subsequent layer [251,252]. The GAB equation is defined by the following nonlinear
Equation (41) [211]:

_ qm1K1Ce
fe = A= KaCo)1 + Co(Kq — K)]

where K; and K; (L/mg) are the equilibrium constants for the first and the second layer,
respectively; 4,1 (mg/g) is the maximum adsorption capacity on the first layer.

(41)

Dubinin—Ashtakhov

Dubinin—Ashtakhov (DA) model considers the mathematical formulations of the
Polanyi theory and Weibull statistic distribution [253], to obtain a thermodynamic model
for adsorption. Nonlinear equation of DA model is presented by Equation (42) [254]:

b
Je = qm exp [— (Z) ] (42)

where E and b are the adsorption energy (kJ) and the surface heterogeneity, respectively, 6
(kJ/mol) is the adsorption potential as defined by Equation (43):

e

0= RGAsTll"I(gs) (43)

where Rg4s is the universal gas constant, equal to 8.314 x 1073 kJ/(mol °K), T is the abso-
lute temperature (°K) and Cs (mg/L) is the adsorbate solubility in the solvent used [255].

The modified Dubinin-Ashtakov (MDA) model is presented below in the nonlinear
form (43), which takes into account the difference between the contaminant adsorbed on
the carbonaceous material and the amount that would be present in the same volume, at
the same temperature and pressure, in the absence of adsorption [256]:

9 b
Ge,mod = qm €XP l_ <E> ] - %Uads (44)
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where p (g/mlL) is the density of the adsorbate, m (g) is the weight of the carbon-based
sorbent and v,4; (mL) is the volume of the adsorbed phase. According to Equation (41),
U,4s is considered a constant model parameter.

Brouers-Sotolongo

The Brouers—Sotolongo (BS) model, based on statistical and mathematical considera-
tions, is a recent application of fractal models, being a function equivalent to the deformed
exponential, as presented in the nonlinear form below (45) [257,258]:

e = qm[1 — exp(—KpsCy)] (45)

where Kpg is the model constant (L/mg) and the exponent « (-) is a measure of the width
of the sorption energy distribution [186].

5.4.3. CBZ Kinetic and Isotherm Models

Regarding the kinetic models outlined in Table 6, it is possible to verify that the
pseudo-second-order model is widely applied in CBZ removal studies. For instance, Jun
et al. (2019), who studied different kinetic models (i.e., PFO, PSO, Elovich and intraparticle
diffusion), concluded that the PSO model is the model that better fitted the experimental
data, based on the values of the correlation coefficients (R?) [210]. Likewise, N aghdi et al.
(2017) adjusted experimental data to different models in their linear and nonlinear form
and concluded that PSO fitted better than the linear PSO model. Even if nonlinear PSO
R? was slightly minor than linear PSO form (R% 0.946 for nonlinear form and R?: 0.999
for linear form), the calculated g, in nonlinear form was similar to experimental g, [213].
According to Wang and Guo (2020), PSO adjusted better when C is low, i.e., at the final step
of the adsorption process and when the adsorbent material has many activated sites [259].
Delgado et al. (2019) suggested that data of CBZ adsorption onto PAC fitted very well
onto PFO kinetic model because the R%po was very close to 1 and there was no significant
difference between estimated and experimental g, [159].

Additionally, to PSO and PFO, 2-CFOSM was also suggested as a kinetic model for
the CBZ removal: Chen et al. (2017) proposed 2-CFOSM as a kinetic model for the CBZ
removal using as adsorbent biochar produced at different temperatures and chemically
modified.

This model describes the adsorption kinetics of CBZ on biochar to reveal the effects
of varying the carbon structure and mineral composition of biochar on fast and slow
adsorption [212].

According to the articles reviewed in this section, the pseudo-second-order may be
considered as the most appropriate one to describe the CBZ adsorption onto activated
carbon or biochar.

Regarding the isotherm models, Table 6 shows that the models more widely used in
CBZ adsorption were Freundlich, Langmuir, Sips, Dubin—-Ashtakhov, Redlich-Peterson
and modified Brouers-Sotolongo.

Yu et al. (2008) tested the adsorption of CBZ (Cy = 1 pug/L) onto PICA-activated carbon
and F400-activated carbon and fitted the equilibrium data using the Freundlich, Langmuir
and Sips nonlinear models, concluding that the Freundlich model fitted better than the
other models [45]. In another study from the same research group conducted at the same
Co, it was found that Sips model was superior to the others [209]. This different behavior
may be explained by pH differences. While in Yu et al. (2008) the pH of the CBZ solution
was not modified, in Yu et al. (2005) the pH was neutral [45,209].

Furthermore, the Freundlich and Langmuir models are special cases of the Sips model
while the Sips model is more general [209].

Naghdi et al. (2017) found that CBZ adsorption equilibrium data fitted better the
Freundlich model than the Langmuir and partition models. Furthermore, the n-value in
Freundlich model was greater than 1, which means that the adsorption was favorable with
little heterogeneity [213].
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Moreover, Shin et al. (2020) found that Freundlich model fitted better than Lang-
muir model when CBZ adsorption was carried out onto pristine SCG biochars while the
Langmuir isotherm model provided a better agreement than Freundlich model on alkali-
modified SCG pristine. This difference may be explained because CBZ reacted with the
heterogeneous surface in pristine SCG biochars, while only with a homogeneous surface in
alkali-modified SCG pristine [215].

On the other hand, Torrellas Alvarez et al. (2015) showed that the Sips model described
better the CBZ adsorption than the usual models, such as Langmuir or Freundlich, since
these commonly used adsorption models do not consider the competitive effect occurring
in the adsorption process [182].

Similarly, Alvarez-Torrellas et al. (2017) found that Sips and Gab models described
better CBZ adsorption than Langmuir or Freundlich since they are highly suitable models
to fit multilayer adsorption profiles [211]. To et al. (2017) suggested that the CBZ adsorption
on the adsorbents tested may carry out in monolayers because Langmuir isotherm model
fitted well [201]. However, the Sips isotherm and the Redlich-Peterson isotherm, which
expressed homogeneous or heterogeneous adsorption, also fitted well, which suggests that
the adsorption was homogeneous or heterogeneous. This may be explained because of the
chemisorption reactions indicated by the best fit kinetic on Ritchie-second order model and
the Elovich kinetic model [201].

6. Conclusions

In the first part of this work, the presence of CBZ in the influent and effluent of the
wastewater and drinking water treatment plants was discussed. The studies reviewed
showed that in wastewater treatment plants CBZ removal is lower than 50% when only
secondary treatments are applied and it is better improved when primary or tertiary
treatments are also implemented. Moreover, often CBZ removal is negative because of
recombination of conjugated compounds within the plant or due to the release by solids.
On the other hand, it was seen that in drinking water treatment plants, the treatment which
accomplishes major CBZ removal is the adsorption onto Granular Activated Carbon (GAC)
and Biological Activated Carbon (BAC) and ozonation. Among adsorbents, activated
carbon is usually employed in DWTPs. However, looking at improving the circularity of the
water treatment chain, biochar was considered in this review along with activated carbon.

Regarding the adsorbency characteristics, it can be concluded that precursors, pyroly-
sis temperature and modification or activation processes influence the physico-chemical
characteristics of the activated carbon or biochar, and as a consequence CBZ adsorption
capacity. The key factors in CBZ removal are Sgrr, V,,;; and the presence of aromatic
carbon components. Most of the studies analyzed highlighted that an increase of Sprr
increased CBZ adsorption onto carbonous material. It was seen that an increase of the
pyrolysis temperature provokes a higher Sgrr of carbonous material. Moreover, carbonous
material with high V,,; presented greater CBZ adsorption capacity, due to CBZ removal by
pore-filling mechanisms. In some cases, acid-alkali activation or washing enhance V,,,;.

Furthermore, carbonous material with a greater aromatic carbon component shows
an enhancement of the adsorption capacity so that the adsorption occurs through 7-nt
bond interaction. Among operational conditions of the adsorption process, pH cannot
be considered as a very important factor to control because CBZ does not present charge
in mostly pH range. In contrast, increasing temperature and rotational speed favors the
adsorption of CBZ. The presence of other microcontaminants and organic matter decreases
the CBZ adsorption because of competition effects.

Regarding the kinetic models, even among different experimental conditions, a better
agreement with the experimental data is obtained more frequently by the PSO, suggest-
ing the chemisorption nature of the adsorption process. However, the main identified
mechanism that explains CBZ adsorption is the pore-filling which is characteristic of the
adsorption of small-size organic compounds such as CBZ. Other mechanisms which may
contribute are hydrophobic and 7-7r interactions. The isotherms models which best de-
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scribed the adsorption process of CBZ at equilibrium, among the studies published, are
Freundlich, Langmuir and Sips.

Finally, looking at the stability and reusability of biochar, Inyang and Dickenson (2015)
conclude that biochar with a high content of carbon presents stability in soil application,
while for water treatment, this property has not been studied [260]. Moreover, Oliveira
et al. (2017) showed that the increase in aromaticity and carbon content together enhance
the potential stability of biochar [261]. Regarding the reusability of biochar on a large
scale, some studies suggested that saturated biochar can be replaced with new or recycled
biochar [148].

Overall, quite comprehensive knowledge of the adsorption processes of CBZ in ac-
tivated carbon and biochar resulted from the reviewed studies. However, these results
concern mainly laboratory-scale studies.

7. Future Perspectives

For the future practical engineering application of activated biochar, we should gain
insight into the problems regarding its large-scale production, scaled-up application, stabil-
ity, reuses and the management of spent biochar. Therefore, it is important to continue to
study efficient ways to apply and recycle biochar [262]. Furthermore, more studies on its
activation and modification are necessary to enhance its adsorption capacity and enable
biochar reuse over multiple sorting cycles without suffering stability loss [260]. Moreover,
it would be interesting to foresee, according to the described adsorption processes, the
treatment conditions suitable for the achievement of removal efficiencies defined based on
water quality standards. These quality standards, not currently regulated regarding CBZ,
could be identified through risk assessment procedures in case of human consumption and
considering different fates of the treated wastewater.
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Abbreviation Meaning

arp Redlich-Peterson constant [(mg/L)-"*"]
AC Activated carbon

b Surface heterogeneity (-)

BC Biochar

BET Brunauer-Emmett-Teller

BS Brouers-Sotolongo

C BET isotherm constant

Co Initial concentration (ug/L or mg/L)

Ce Equilibrium concentration (ng/L or mg/L)
Cs Adsorbate solubility (mg/L)

CAS Chemical abstracts service
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CBZ
CECs
COD

kpc

kmr

ky

ks

Ky

K3
Kps
K
Ky
Kye
KL
Kow
Krp
Ks
LOD
LOQ
m
MDA
n

nRp
ng
PAC
pHiep
pHpzc
pKa
PNEC
PFO
PSO
e

e calc
e exp
qm
qm,1
P/Py
R

Carbamazepine

Contaminants of emerging concern

Chemical oxygen demand (mg/L)

Average pore width (A)

Average particle size (um)
Dubinin-Ashtakhov

Dissolved oxygen (mg/L)

Dissolved organic carbon (mg/L)

Dissolved organic matter (mg/L)

Drinking water treatment plants

Adsorption energy (k])

fraction of the fast compartment (-)

fraction of the slow compartment (-)
Frequency of detection (%)
Guggenheim-Anderson-De Boer

Granular activated carbon

Groundwater

Hydraulic retention time

Iodine number (mg/g)

Rate constant of pseudo-first-order (L/min)
Rate constant of pseudo-second-order [g/(mg min)]
Diffusion-chemisorption constant [mg/(g h09)]
Rate constant of the fast compartment (1/h)
Modified Ritchie-second-order rate constant (L/min)
Ritchie-second-order rate constant (L /min)
Rate constant of the slow compartment (1/h)

Equilibrium constants for the first layer (L/mg) in GAB model
Equilibrium constants for the second layer (L/mg) in GAB model

Brouers—Sotolongo constant (L/mg)

Freundlich constant [(mg/mg)(L/mg)'/"]

Henry’s law constant (atm-m3/mol)

Henry’s linear constant (L/g)

Langmuir constant (L/ng)

octanol-water partition coefficient (-)
Redlich—Peterson constant (L/g)

Sips constant (L/g)

Limit of detection

Limit of quantification

Weight of the carbon-based sorbent (g)

Modified Dubinin—Ashtakov

Freundlich nonlinear coefficient (-)
Redlich-Peterson constant (-)

Sips constant (-)

Powdered activated carbon

Isoelectric point (-)

Point of zero charge (-)

Log of acid dissociation constant

Predicted not effects concentration
Pseudo-first-order

Pseudo-second-order

Equilibrium adsorption capacity (mg/g)
Calculated equilibrium adsorption capacity (mg/g)
Experimental equilibrium adsorption capacity (mg/g)
Maximum adsorption capacity (mg/g)

Maximum adsorption capacity on the first layer (mg/g)
Relative pressure (-)

Removal efficiency (%)
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Rgas Universal gas constant

RW Raw water

RWW Raw wastewater

S Water solubility (mol/L or mg/L)
SBET Specific surface area (m?2/ g)

SR Speed rotation (rpm)

SW Surface water

t Contact time (h)

te Equilibrium time (h)

T Temperature (°C or °K)

™ Treated water

Vads Volume of the adsorbed phase (mL)
Vine Mesopore volumes (cm3 /8)

Vi Micropore volumes (cm?3/ g)

Vr Total pore volume (cm?/g)

WTPs Water treatment plants

WWTPs Wastewater treatment plants

« Width of the sorption energy distribution (-)
B2 Surface coverage of the adsorbent (-)
Aap Apparent density (g/mL)

Aparticle Particle density (g/mL)

0 Contaminant density (g/mL)

0 Adsorption potential (k] mol 1)
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