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Abstract: This review analyzes the synthesis and characterization of biomass-derived carbons for
adsorption of emerging contaminants from water. The study begins with the definition and different
types of emerging contaminants more often founded in water streams and the different technologies
available for their removal including adsorption. It also describes the biomass sources that could be
used for the synthesis of biochars and activated carbons. The characterization of the adsorbents and
the different approaches that could be employed for the study of the adsorption processes are also
detailed. Finally, the work reviews in detail some studies of the literature focused on the adsorption
of emerging contaminants on biochars and activated carbons synthesized from biomass precursors.
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1. Emerging contaminants

Emerging contaminants (ECs) are those compounds found in wastewater in low concentrations
as a consequence of the new habits of consume developed in our society. The discharge limitations
of these compounds, due to their very recent appearance in the environment, are not completely or
not at all regulated, which can result in real hazards to the human health and environment [1,2]. The
list of compounds considered as emerging contaminants includes many different substances such as,
pharmaceutical and personal care products (PPCPs), drugs of abuse, food additives, plasticizers,
pesticides, among others [3]. Table 1 summarizes the categories, families and most representative
examples of ECs usually found in wastewater. Their low concentration, typically in the range from
ng-L1 up to ug-L-1, makes their detection and elimination in conventional water treatment plants very
difficult since these are not designed for treating so low concentrations [4]. Only the development
and greater availability of new and more sensible analytical techniques such as liquid
chromatography coupled with mass spectrometry (LC-MS) has allowed the detection of this new
type of pollutants. This fact, together with the development of increasingly restrictive governmental
regulations regarding the permitted concentrations of these compounds in effluents, has significantly
increased the studies aimed to the removal of ECs from wastewater.

The technologies available for the removal of ECs from wastewaters can be broadly classified in
three subcategories, namely biological treatments, advanced oxidation processes (AOPs) and phase-
changing technologies [5]. Among biological treatments, activated sludge, in both aerobic and
anaerobic conditions, is the most commonly studied due to its higher effectiveness [6]. Other
biological process used for the degradation of ECs are soil filtration [7] and biological filtration [8].
The efficiency of the biological processes has been increased when combined with phase-changing
processes in membrane bioreactors [9] or even electrochemical membrane bioreactors (EMBR) [10,11].
The main problem for using biological processes for the removal of ECs is their significant toxicity
towards microorganism. Advanced oxidation processes (AOPs) use the high reactivity of HO*
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radicals in oxidation reactions which are able to achieve the mineralization of the pollutants [12].
These processes include Fenton, sonolysis, ozonation, electrochemical oxidation and photocatalysis.
Finally, phase changing-technologies are those processes in which the contaminants are transferred
from one phase (liquid phase in the case of water treatment) to another (e.g. solid). The main
examples of this type of technology include adsorption and membrane technology. Figure 1
summarizes the technologies available for the removal of ECs from wastewater.

Table 1. ECs usually found in wastewater (Adapted from [13]).

Main categories

Family

Most representative examples

Drugs and
Pharmaceuticals

antibiotics/antibacterials

tetracycline, sulfamethoxazole, amoxicillin, ofloxacin

steroids

17B-estradiol, testosterone

[-blocker

propranolol, salbutamol, atenolol

nonsteroidal anti-

inflammatory drugs (NSAID)

ibuprofen, naproxen, ketoprofen, diclofenac

antiepileptic/anticonvulsants

gabapentin, carbamazepine

antidepressant/hypnotic

diazepam, venlafaxine, amitriptyline, dosulepin,

meprobanate
analgesic morphine, antipyrine, paracetamol
hypertension valsartan
lipid regulation bezafibrate, simvastatin, clofibric acid

erectile dysfunction

sildenafil

Stimulant and
generally illegal drugs

3,4-Methylenedioxymethamphetamine (MDMA),

hallucinogen 3,4-Methylenedioxy-N-ethylamphetamine (MDEA),
3,4-Methylenedioxyamphetamine (MDA)
stimulant amphetamine, cocaine, benzylpiperazine

human indicator

caffeine, nicotine

Personal care

preservative

methylparaben, propylparaben

sunscreen agent

1-benzophenone, homosalate

chloramines, chlorine, chlorine dioxide,

products disinfectants/antiseptic chlorhexidine digluconate, triclosan
fragrances musk xylol, tonalide
organohalogenated dichlorodiphenyltrichloroethane (DDT), lindane,
Pesticides/Herbicides  compounds vinclozolin, clopyralid

nitrogen containing

simazine, phenylurea, atrazine, glyphosate, diuron

Plasticizers [14]

general purpose phthalates
low volatility trimetallites
flame resistant epoxides

Among the different technologies used for the elimination of ECs from water effluents in this

review we focus on adsorption processes. Adsorption has numerous advantages such as ease of
implementation, the use and handling of chemical products is not necessary, and its cost is relatively
low [15,16]. In the literature numerous adsorbents have been used including clays [17], zeolites [18]
or metal organic frameworks [19], but certainly among all carbon-based materials have been the most
extensively studied [20,21]. The preparation of carbonaceous adsorbents from biomass waste has also
important added advantages, such as an effective management of the waste and lower synthesis cost.
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Figure 1. Technologies available for the removal of ECs from wastewater.

2. Biomass feedstocks

Biomass use sunlight and nutrients to grow and generate key components such as,
carbohydrates, lipids and proteins, which can be converted to biofuels and different products in the
frame of biorefinery concept [22-24]. Biomass covers all forms of organic material, including plants
both living and in waste form, and animal waste products. It can be divides in two different
categories: (i) waste material, or (ii) dedicated energy crops [25]. Biomass waste materials include
agricultural residues, municipal solid waste (MSW), food processing waste and animal manure
among others. The value that can be obtained from these wastes cannot be ignored as a valuable
bioenergy source. If effectively harnessed, biomass wastes can be used as raw material for the
synthesis of high value solid products and/or chemicals, as well as, reduce the energy consumption
from nonrenewable fossil fuel sources. Furthermore, the use of solid waste materials would also save
landfill space and increase the value of the biomass resource [26]. The different types of biomass
feedstocks are summarized in Figure 2 and briefly described below.

Dedicated Energy Crops

Dedicated energy crops can be grown more or less arid lands, which are not fertile enough for
traditional crops but it can be used to obtain biomass [27,28]. There exist two main types of dedicated
energy crops: herbaceous and woody. The former are grasses harvested annually including bamboo,
wheatgrass, sorghum, among many others. The latter are constituted by fast-growing hardwood trees
such as, poplar, willow, maple, walnut and so on.

Forestry Residues

These feedstocks can be categorized in forest residues obtained after logging timber or complete
trees grown specifically for biomass collection [29,30]. Forest residues could be also obtained from
the excess biomass on the high extension forests. This action reduces the risk of fire and pests, and
enhanced the forest vitality, productivity and resilience.
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Figure 2. Different types of biomass feedstocks.

Agricultural Crop Residue

The use of agricultural biomass residues to produce biofuels, energy and high value materials
can achieve interesting environmental and socio-economic benefits. Agricultural crop residues,
which include the wheat, barley, rye, oat, maize, rice, rapeseed and sunflower, are abundant, diverse,
and widely distributed [31,32]. The benefits of the sale of these residues can produce complementary
incomes supporting to local economy.

Algae

Algae as feedstocks include the different biomass that grows in aquatic environment, covering
microalgae, seaweed and even cyanobacteria. Algae can grow in different type of waters including
fresh, saline, brackish water and even in wastewater from different sources, such as, agricultural
water, treated industrial wastewater; aquaculture wastewater, water from oil and gas drilling
operations, and so on. Due to this, they can be considered a very promising biomass feedstock with
a very interesting growth potential in the near future [33,34].

Municipal solid wastes

Municipal solid wastes (MSW) are the materials discarded in urban areas, including
predominantly household waste. MSW is a heterogeneous biomass feedstock mainly composed of
food waste, rests of paper, wood trimmings and some textiles. A significant proportion of MSW is
derived from fossil resources, such as rubber, plastics, and some fabrics [35]. The use of MSW as raw
materials for bioenergy can reduce the huge volume of residential and commercial waste addressed
to landfills.

Wet Waste
Wet waste biomass includes food wastes, sewage sludge from municipal wastewater treatment
plants, manure slurries, different organic wastes from industrial processes and the biogas obtained
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by the decomposition of organic matter in the absence of oxygen of any of the above feedstock
resources. The transformation of these waste into energy or high-value products can generate
additional incomes for rural areas, besides to reduce waste-disposal problems [36,37].

3. Synthesis of biomass-derived carbons

In general terms, carbon-based adsorbents can be synthesized from any precursor with a high
proportion on carbon in its composition. Therefore, biomass materials are ideal precursor of carbon
adsorbent, i.e. biochars or activated carbons. The difference between biochar and biomass-derived
activated carbon is somewhat diffuse. In this study, we are going to consider biochar those materials
obtained from biomass not submitted to an activation stage, while activated carbons are necessary
obtained from an activation stage. The literature contains many studies about the synthesis of carbon
adsorbent from biomass agricultural waste, such as olive stones [38—40], rice husk [41,42], coconut
husks [43—46] or bamboo [47,48]. Furthermore, many studies have focused also in the synthesis of
carbon materials from biomass industrial wastes including lignin (a by-product of the papermaking
industry) [49-53], Tara gum (generated in the food industry) [54], wood wastes or sawdust (from
furniture industry) [55,56], and so on.

Figure 3 schematizes the synthesis routes to biochars and activated carbons from biomass.
Biochar synthesis usually consist of a carbonization step, while activated carbon synthesis can be
performed by two well-known different ways, namely physical activation and chemical activation,
giving rise to higher porous development. In the last years, alternative synthesis procedures with the
aim of energy and/or chemical savings have been proposed. Thus, non-conventional methods such
as microwave heating [57-60] and hydrothermal carbonization treatment [61-63] are being analyzed
for both biochars and activated carbon synthesis. It is worth mentioning that the porosity, surface
chemistry and yields of the carbon-based adsorbents synthesized are highly dependent on the
biomass composition feedstock and the conditions used in the synthesis.

3.1. Biochars

Biochar was firstly used for soil amendment, due to its advantages of carbon sequestration, soil
fertility improvement, pollution remediation, and agricultural by-product/waste recycling [64].
Nowadays, biochars applications include catalysis, energy storage and environmental protection
[65], highlighting the use of biochar as adsorbent [66].

As aforementioned, the synthesis of biochars is usually performed by a single carbonization step.
The biomass is heated in inert atmosphere, to avoid its combustion, up to temperatures in the range
of 500 to 800 °C and maintained at the desired temperature for a specific time. Finally, the biochar is
cooled to room temperature also under inert atmosphere. Without doubt the most important
parameter affecting the porous texture of biochars is the carbonization temperature. Chen et al
reported [67] an interesting analysis of the effect of the carbonization temperature on the surface area
of biochars obtained from different biomass resources (Figure 4). At low carbonization temperature
(<400 °C), no significant porous development is achieved probably as a consequence of the incomplete
removal of volatile matter [68]. However, a further increase of the carbonization temperature beyond
400 °C up to 900 °C results in a significant increase of the surface area influenced by the biomass
precursor and the carbonization conditions. This rise is due to the release of most of the volatile
matter resulting in the formation of new porosity [69,70]. Carbonization temperatures higher than
900 °C produce a decrease in the surface area. This could be due to pore widening and coalescence,
structural reordering and also to the blocking of part of the porous structure by the melting and
fusion of the ashes from the biomass feedstock [71]. Other explanations of this surface area reduction
include the collapse of the microporosity [72] or the reordering of the carbon structure to graphite
microcrystalline domains [73].
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Figure 3. Synthesis routes to biochars and activated carbons from biomass.
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Figure 4. evolution of the surface area of biochars obtained from different biomass resources with
the carbonization temperature (adapted from [67]).
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The evolution of the functional groups upon carbonization of biomass could have also a very
significant effect in the adsorptive properties. Usually, the H/C and O/C ratios of raw biomass were
in the ranges of 1.4-1.8 and 0.55-0.75, respectively, confirming the high aliphatic content and low
aromaticity of biomass [74]. Carbonization results in a decrease in these ratios, more significant at
higher temperatures [71,75]. At carbonization temperatures lower than 500 °C, this reduction is due
release of water, carbon dioxide and monoxide and other volatile products produced by dehydration,
decarboxylation and decarbonylation of biomass. At carbonization temperature higher than 500 °C
the dehydrogenation and demethanation of biomass results in a reduction of the H/C more
accentuated than the O/C ratio [71].

In the last years, increasing attention is being paid to the synthesis of biochar by hydrothermal
carbonization [61,62]. Biochar synthesis by this methodology offers significant advantages. The
relatively low operation temperature and the absence of a drying step reduce considerably the energy
consumption, and therefore, the cost of the synthesis. Like in a conventional carbonization/pyrolysis
process, hydrothermal carbonization of biomass yields liquid (bio-oil), gaseous (low molecular
weight hydrocarbons) and solid products (biochar), being the proportions and characteristics of these
products dependent on conditions of the treatment and the biomass feedstock [76]. This synthesis is
usually performed in water medium inside closed vessel at temperatures in the range of 130 to 250
°C for about 2-24 h. During the hydrothermal carbonization dehydration and decarboxylation
reactions take place in an exothermic process [62].

In the case of water purification, to effectively enhanced the adsorption capacity of organic
pollutants on biochar adsorbents, these should present a well-developed porosity and hydrophobic
surfaces. In the case of adsorption of inorganic or polar organic contaminants, the presence of oxygen-
surface groups is needed to increase electrostatic attraction [77]. Regrettably, biochars usually show
moderated to low surface area and a limited amount of surface functional groups, which limit their
practical applications. With the aim of improving the biochar’s adsorption capacities different
modifications have been proposed (Figure 5). Among them, the further activation process of biochar
favors the development of porosity. Actually, this approach transforms biochar into activated
carbons, which will be analyzed in more detail in the following section of this review. The surface
chemistry of the biochars can be modified by doping with heteroatoms, including N, P, S and metal
oxide from different reagents.

Porous Surface
development Biochar functionalization
(BC) A 4
Activation Doping

v v Y v v

Activated Nitrogen Boron Phosphorus Sulfur Metal oxides
carbon
( A C) NHs, urea, BCls, B20s, HsPOs, H:S, SO, CSs, MnO, CuO,
NHsHCOs, HsBO:s, (NH4)3POs, K2504, Na2S0s, Ce30s4, FesOq,
N-organics B-organics P-organics S-organics AgO, V205

Modified
biochar

Figure 5. Biochar’s modification processes to improve the adsorption capacities (Adapted from [67]).
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3.2. Activated carbons

Activated carbon is an amorphous carbonaceous material with a very high porous development
(total surface areas up to 3000 m2-g) that has a complex structure composed primarily of carbon
atoms organized in disordered layers. There are two well-stablished procedures to synthesize
activated carbon from biomass precursors, commonly known as physical and chemical activation
(Figure 3). In the last decades the use of hydrothermal carbonization [78] and microwave heating [57]
has been introduced as modifications of the traditional processes. Furthermore, the combination of
chemical and physical activation is also considered to enhance the textural characteristics and
generate more hierarchical porosity.

3.2.1. Physical activation

In physical activation, the biomass precursor is initially carbonized under inert atmosphere, and
the resulting biochar is submitted to a partial and controlled gasification with steam, carbon dioxide,
air/oxygen or a mixture of them. During the first step, carbonization, the starting material is
transformed into fixed carbon with a low development of porous structure. The carbon yield is
related to the biomass composition since carbonization removes the heteroatoms (non-carbon
elements), which are volatilized at low temperature. In the second step, gasification selectively
removes many of the reactive carbon atoms, generating the porosity and the final activated carbon
structure. In case of CO2 or H20 activation, these reagents usually broaden the carbon porosity
resulting in activated carbon with a wider porosity (meso- and macropores) especially at high burn-
off values. The burn-off degree quantifies the mass removed during the gasification step, and can be
calculated from:

m, — my
Burn off (%) = e 100, (1)

where mo is the initial mass (mass of biochar) and mt is the mass after the gasification step or the mass
of the final activated carbons. Generally, it is necessary to reach an equilibrium. Low burn-off values
result in high carbon yields but low porosity development. In contrast, high burn-off degrees can
produce activated carbon with high porous development (although extremely high burn-off values
result in pore coalescence and, therefore, porosity reduction) but with low carbon yields. Gasification
temperature is probably the synthesis parameter with the greatest effect on the properties of the final
activated carbon. At low temperatures, the gasification reaction is chemically controlled, and narrow
porosity is obtained. In contrast, when using high gasification temperatures, the gasification is
controlled by the diffusion on the reagent through the structure of the biochar and wider pores are
formed.

The main gasification reactions involving H20, CO: and O: as oxidizing reagents are shown
below. In the case of oxygen, the gasification reaction is strongly exothermic, which forces a strict
control of the reaction [79].

C+H,0 —» CO+H,  AHpsec=+117 kJ-mol™, )
C+CO, — 2CO  AH,5ec=+159 kJ-mol™, 3)
C+ O, > CO, AHys.c=-386 kJ-mol™, 4)
2C+ O, > 2CO  AHy5ec=-256 kJ-mol™. (5)

In order to reduce the cost of the activation process, some studies have synthesized activated
carbons in a single thermal step, combining carbonization an activation in the presence of the
activation reagent [80].
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3.2.2. Chemical activation

Chemical activation usually begins with the impregnation step, in which the chemical activation
agent is physically mixed with the biomass precursor. Chemical activation agents include a wide
variety of salts, acids or bases, such as HsPO4 [81-83], H2504[84,85], ZnCl2 [86-89], FeCls [54,90-94],
NaOH [95-98] and KOH [95,99-101] among others. In this step, the most relevant variable is the
impregnation ratio, i.e. the mass ratio between the chemical activating agent and precursor. The
impregnation agent acts as dehydrating specie and inhibits the formation of tars, volatiles and other
undesired products that can be formed during the carbonization stage. Due to this, it is affirmed that
chemical activation processes result in higher carbon yields than physical activation ones. In the case
of biomass precursors activated with strong bases (KOH and NaOH) can be necessary an initial
carbonization step to avoid the direct oxidation of the biomass by the activating agent in the
impregnation step. The biochar resulting from the carbonization step has a significantly higher fixed
carbon content and can be subsequently impregnated with the activating agent. The precursor-
activating agent mixture is next submitted to a thermal treatment at temperatures ranging from 400
to 1000 °C depending on the activating agent (see Figure 3) under inert atmosphere. In the last step
the carbonized solid is washed to remove/recover the activating agent and free the porous structure
of the final activated carbon. The main variables affecting the final porous structure of the activating
carbon are the activating agent itself, the impregnation ratio and the activation temperature. Usually,
strong bases (KOH and NaOH) yielded highly microporous activated carbons with high total surface
areas, in some cases even higher than 3000 m2-g [102]. In the case of the other activating agents the
porosity could be tailored by the proper selection of the impregnation ratio and activating
temperature. In general trend, the increase of the activation temperature results in higher porous
development, although there is usually a maximum temperature from which the porous structure
decreases. When it comes to the impregnation ratio (with values between 1:1 and 5:1), low
impregnation ratios normally result in mainly microporous activated carbons, while high
impregnation ratios produced a widening of the porosity, promoting formation of meso and
macropores.

4. Characterization techniques

To understand the structure-adsorption relationships between the adsorption results and the
adsorbent properties it is necessary to perform a complete characterization of the solid adsorbent.
Two main characteristics of the adsorbent affect the adsorption process, namely the porosity and the
amount of surface groups of the adsorbent. Therefore, the characterization of these properties is
crucial for the understanding of the adsorption process and for the efficient design of new adsorbents
with improved properties. A brief description of the techniques more usually used for the
characterization of carbon adsorbent is explained below.

4.1. Textural charcaterization

The porous texture of carbon-based adsorbents can be characterized by physisorption
techniques. Physisorption or physical adsorption occurs when a gas gets in contact with the solid
surface of an adsorbent. The process is control by long-range Van der Walls dispersion forces and the
short-range intermolecular repulsion [103]. The textural characteristics of the carbon adsorbents,
including surface area and pore size distribution, are the main information obtained from
physisorption characterization [104]. According to International Union of Pure and Applied
Chemistry (IUPAC) pores can be classified in micropores (<2 nm), mesopores (2-50 nm) and
macropores (>50 nm). The micropores can be further subdivided into ultramicropores (< 0.7 nm) and
supermicropores (0.7-2 nm). During gas adsorption tests, the amount adsorbed, a, expressed per unit
of mass of adsorbent depends on the adsorbate pressure, p, the adsorption temperature, T, and the
adsorbent properties and gas—solid interactions [105]. The amount adsorbed can be expressed as: a =
f(P,T); and at a constant temperature: a = f(P/Po) being Po the saturation pressure of the adsorbate at
the temperature of measurement. This latter expression corresponds to the adsorption isotherm,
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which represents the amount of gas adsorbed versus the pressure at constant temperature. IUPAC
establish six different types of adsorption isotherms [106]. The solid sample should be heated under
vacuum or purging gas prior to analysis to desorb the any adsorbed species from the surface.
Outgassing under vacuum is especially relevant for the characterization of the porous structure of
materials with very narrow micropores; where the adsorption can begin at very low relative
pressures and therefore, requiring outgassing also down to very low pressures.

Amount adsorbed

Relative pressure, P/Po

Figure 6. The IUPAC classification of adsorption isotherms.

N2 adsorption-desorption at -196 *C

Without doubt the technique more commonly used for the characterization of the textural
structure of the adsorbents (including carbon-based ones) is N2 adsorption-desorption at -196 °C. The
nitrogen adsorption mechanism begins with the micropore filling at low relative pressures (p/p.<0.4).
After that, mesopores are filled by capillary condensation with the consequent multilayer formation.
In the mesoporous range (p/po>0.4), the desorption branch of the isotherm is not always
superimposed to the adsorption one. This hysteresis phenomenon can be due to differences between
rate of capillary emptying and filling, or to the interconnection of the mesopores blocked by filled
micropores. Finally, at relative pressures close to 1, the filling of macropores is supposed to proceed
also by multilayer formation. Different textural parameters can be determined from the N:
adsorption-desorption isotherms, such as specific surface area, micropore and mesopore volume.
Pores size distribution can also be calculated from this isotherm.

The specific surface area is probably the parameter that better characterizes the porosity of a solid
and it represents the total surface of all the porosity. This area is calculated in the range of relative
pressures from 0.01 to 0.3 approximately. The main method used for the calculation of the specific
surface area is Brunauer—-Emmett-Teller (BET) method [107]. The BET specific surface area is
obtained from the cross-sectional area of a nitrogen molecule (0.162 nm?) and supposing that the N:
molecules are adsorbed on a continuous monolayer covering the entire adsorbent surface.

The micropore volume and mesopore surface area (also known as external surface area) are obtained
from a reference sample similar to the porous studied material but non-porous. Two types of
comparative plots are usually used, namely, the t-plot [108] and the as plot [109] that differ only in
the reference solid adsorption isotherm presentation. The thickness of the surface film on the
reference solid t is used to construct the t-plot. Total pore volume is usually calculated from the amount
of N2 adsorbed at relative pressures close to 1 (e.g.: P/Po = 0.99) transformed to liquid phase. Finally,
pore size distribution can be calculated from different approaches such as, Barrett-Joyner-Halenda
(BJH) method [110], Horvath Kawazoe method [111] or density functional theory (DFT), among
others.
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CO: adsorption at 0 °C

In the case of nitrogen adsorption at -196 °C, the characterization of micropore smaller than 1
nm is very difficult since extremely low pressures are needed, with diffusion rates very slow and
very long equilibration tines. In the view of this behavior, microporous materials should be
characterized using other adsorbates such as carbon dioxide. Despite the kinetic diameters of N2 (0.36
nm) and CO: (0.33 nm) are very similar, their adsorption is quite different mainly because their very
different adsorption temperatures. At 0 °C CO: is approximately 32 °C below its critical temperature.
Considering that its saturation pressure is very high (26,200 torr), the relative pressure necessary for
the micropore filling are reached at moderate absolute pressures (1-760 torr) [112]. Therefore, CO:
molecules can access the inner of ultramicropores despite the sizes of N2 and COz molecules are very
similar. Furthermore, the equipment needed to carry out a micropore analysis with CO2 is much
simpler than those for argon or nitrogen adsorption. Since extremely low pressures are not required,
turbomolecular pump and low-pressure transducers are not necessary. Because of these
characteristics, CO2 adsorption is considered a very useful tool for the characterization of the narrow
microporosity.

4.2. Surface chemistry

The characterization of the surface chemistry is crucial for the complete understanding of the
adsorbent-adsorbate interactions. The adsorption studies usually focused on the analysis of oxygen
surface groups and the electrical charge density of the adsorbent’s surface. Some of the more often
used techniques are described below.

Fourier Transform Infrared (FTIR) Spectroscopy

Infrared (IR) spectroscopy consist of the quantification of the infrared radiation absorbed (or
transmitted) by a material as a function of wavelength or frequency of the radiation. Since the
absorption bands correspond to vibrations of a specific functional group of the molecule, band
association allows the identification of the functional groups that constitute the material [113]. The
FTIR spectrometers convert the infrared spectrum using Fourier transformation of the signal
obtained with interferometer equipped with a moving mirror to produce. Numerical Fourier analysis
allows to obtain a relationship between intensity and frequency, namely the FTIR spectrum [114].
FTIR measurements are usually performed with diluted carbon sample in KBr pellets in the
wavelength range of 400 to 4000 cm™. Table 2 summarizes the assignment of FTIR absorption bands
of biomass-derived carbons.

X-ray Photoelectron Spectroscopy (XPS)

XPS is performed by exciting the surface of a sample with mono-energetic Al Ka X-rays, which
provokes the emission of photoelectrons from the sample surface. The energy of these emitted
photoelectrons results in a photoelectron peak whose characteristic energy allows not only the
identification of the corresponding element, but also the chemical state and amount of this element
on the outermost layer (depth of approximately 5 nanometers) of the sample. Furthermore, the curve
fitting of the XPS spectra allows the quantification of the surface atomic ratios. The deconvolution of
the elemental spectra permits the analysis of the chemical bonding states and concentrations of the
surface functional groups of carbon samples. Using this procedure, the Cls XPS spectrum can be
deconvoluted into five different contributions as summarized in Table 3 [115]. It is well-known that
heteroatoms, such as nitrogen and oxygen, can play a crucial role in the adsorption phenomena on
carbon surfaces. Thus, it is important to analyze the type and amount of oxygen surface groups in
order to determine the crucial surface properties such as hydrophobicity and surface polarity of the
carbons. The Ols spectrum can also be fitted to three components (Table 3) [115]. In the case of the
presence of nitrogen functionalities, the N1s spectra can also be deconvoluted and fitted considering
pyridinic, pyrrolic and graphitic nitrogen atoms and nitrogen oxides. According to the area-
simulating curve, the percentage of each component can be calculated.
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Table 2. Assignment of FTIR absorption bands of biomass-derived carbons [116].
o (cm™?) Assignment Designation

3700 v (OH) Free OH groups

3400 v (OH) Stretching in hydroxyl groups

2926 v (C-H) Stretching in alkyl groups

2870 v (C-H) Stretching in alkyl groups

1745 v (C=0) Stretching in aldehydes, ketones groups and esters

1642 v (C=0) Stretching in cyclic amide

1640 v (C=C) Stretching in olefins carbonyl groups of carbon material highly
v (C=0) conjugated in graphite layer

1552 v (C=0) Assigned to carbonyl groups conjugated in aromatic

1540 v (C=C) Assigned to skeletal stretch in condensed aromatic system

1520 v (C=C) Aromatic skeletal stretching bands

1462 v (C-H) Stretching in aromatic ring

1460 v (C=0) Stretching in cyclic amide

1444 v (C=C), d (CH) Stretching in aromatic skeletal and ester

1150-1200 v (C-0-0), v (C-0), i:)i’;:j:irclimvgibration in pyranose ring skeletal or stretching in

1137 v (C-O) stretching in phenolic ring, carboxylic moiety
1069 v (C-0-C) Asymmetrical stretch vibrations

870, 690 Y (C-H) Aromatic C-H out-of-plane bending vibrations
610 v (O-H) Stretching in OH groups
450 v (C-O) Stretching in C—C vibrations

Table 3. Assignment of Cls, Ols and N1s XPS peaks of biomass-derived carbons [115,117].
Elemental Binding Energy

Assignation
spectrum (eV)

Cls 284.1-284.4 C-C; C-H; graphite type
284.8-285.2 C-OH; amorphous carbon, hydroxyl groups, phenolic,

alcohol or ether aromatic carbon
285.5-286.1 C-O-C; carbonyl groups
286.3-287.6 O-C=0; carboxyl and ester groups
289.5-290.0 n—7t* transitions in the aromatic carbon
Ols 530.0-531.6 C=0
532.7-533.3 C-OH or C-O-C
534.8-535.7 chemisorbed oxygen
N1s 398.0-398.3 N-6 or pyridine-like structures
400.0-400.3 N-5, i.e. pyrrolic
401.1-401.6 graphitic nitrogen
402.3-404.0 N-oxides

Temperature Programmed Desorption (TPD)

Temperature programmed desorption (TPD) coupled to mass spectroscopy (TPD-MS) can be
used to determinate the nature of surface functional groups on carbons. Using this technique, gases
produced from the decomposition of these groups are detected. The only gases evolved are carbon
monoxide, carbon dioxide or water vapor and it is possible to recognize the presence of a functional
group on the carbon surface considering its specific temperature of decomposition. Thus, surface
oxygen-containing groups on carbon-based materials decompose upon heating in inert atmosphere
yielding CO and CO: at different temperatures. TPD peaks can be assigned to the different oxygen
functional groups by comparison with the results previously reported in the literature. Figure 7
represents the different surface oxygen groups on carbons and their approximate decomposition
temperature in TPD tests. Water can be formed at high temperatures due to dehydration reactions of
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close carboxylic groups and phenol groups to anhydrides, lactones and ethers [118,119]. These groups
then decompose upon heating to a mixture of CO and CO: at temperatures higher than 600 °C.

Anhvydride O, ©. ;Q Ether
R c ¢ 5
CO +C0O, - el \(E'/ CO
Lactone ,©. P 1
CO, (lj Carbonyl
Phenol CO
O OoH CO CR Quinone
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Figure 7. Surface oxygen groups on carbons and their approximate decomposition temperature by TPD
test.

Boehm Tritation

The Boehm titration [120] is a simple technique developed for the quantification of acidic or basic
functional groups on the surface of carbons. The method consists of a titration or selective
neutralization of surface acidic groups of different strengths using bases that have conjugate acids
covering a wide range of acid dissociation constants (Ka). The method is divided into two steps. In
the first one, carbon materials get in contact with a reaction base that neutralize the more acidic
oxygen groups on its surface. In the second step, the non-consumed amount of the base is determined
by an acid-base titration. Therefore, Boehm tritation can be define as a reverse titration of the oxygen
groups on the surface of the carbon [121]. For quantification of acidic groups, basic aqueous
solutions—sodium hydroxide (NaOH), sodium carbonate (Na:COs) or sodium bicarbonate
(NaHCOs)—are used. The consumed amount of NaHCO: (pKa = 6.37) is associated only to strong
carboxylic acidity, whereas Na2CO:s (pKa = 10.25) reacts with lactonic and carboxylic oxygen surface
groups, and NaOH (pKa = 15.74) with phenolic, carboxylic and lactonic acidic groups. For the
characterization of weaker acidic groups, sodium ethoxide (NaOC:Hs) is the other basic product used
with absolute ethanol as solvent. However, sodium ethoxide is not often used because of the need to
perform the experiment in non-aqueous media and under oxygen-free conditions. If the chosen
concentrations of the used solutions decrease, the carbon dioxide effect can clearly appear on the
titration curves. The relatively low concentration value of the reactant 0.01 mol-L" used allows
determination of small amounts of functional surface groups with an interesting precision.
Nevertheless, it also reveals clearly the carbon dioxide effect due to the presence of atmospheric COz,
which dissolves in the solutions.

Point of zero charge

The point of zero charge (pHpz) can be defined as the pH at which the surface of an adsorbent
is neutral, i.e., contains the same amount of positively charged surface functions than the negatively
ones. In consequence, below this point of zero charge, the surface is positively charged; beyond this
value, it is negatively charged. So in general terms, it is always easier to adsorb a cation on a
negatively charged surface, and an anion on a positively charged surface. However, other
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interactions may be stronger than purely electrostatic forces, making the effect of surface charge not
so important. Additionally, a cation is often complexed with ligands, some of them being possibly
negatively charged. Therefore, in such a case, the cation is in fact a negative complex, which may
adsorb very well on a positively charged surface. The determination using the pH drift method is
very simple, 50cm? of 0.01M NaCl solution was placed in a closed Erlenmeyer flask. The pH was
adjusted to a value between 2 and 12 by adding HCI 0.1M or NaOH 0.1M solutions. Then, 0.15 g of
each AC sample was added to each flask. After 48 h under agitation at room temperature the final
pH is measured. The point of zero charge is the point where the curve pHinal vs. pHinita crosses the
line pHinita=pHéinal [122,123].

5. Experimental procedures for adsorption tests

Adsorption can be defined as an enrichment of chemical compounds from a fluid on the surface
of a solid material. In the case of water treatment or purification, this process can remove efficiently
a wide variety of solutes. Solid surfaces are energetically heterogeneous, i.e., they contain energy-rich
sites with different energies that are able to interact with solutes. In adsorption, the solid material is
referred as adsorbent; and the species adsorbed are denoted as adsorbate. The modification of some
properties of the liquid phase, such as temperature, pH or concentration of adsorbate, can result in
the desorption of the adsorbed species from the surface into the liquid phase [124].

The amount adsorbed, q, is usually defined as the number of moles or mass adsorbed per
adsorbent mass. In practical application adsorption theory can be studied in three different
approaches: the adsorption equilibrium, the adsorption kinetics, and the adsorption dynamics. The
adsorption equilibrium analyzed the effect of adsorbate concentration and adsorption temperature
on the adsorbed amount. Usually, the adsorption equilibrium is considered at a fixed temperature
and expressed in the form of the adsorption isotherm:

q=1£(C); T = constant, (6)

where C represents the adsorbate concentration in the liquid phase.
The adsorption kinetics studies the evolution of the adsorbed amount with the time also at a
constant temperature.

q=1£(t); T = constant, 7)

where t is time. Slow mass transfer processes from the liquid to the solid phase generally control the
adsorption rate.

Finally, in practical applications, adsorption is performed in fixed-bed adsorbers, in which
adsorption depends not only on time but also on the location inside the bed. The dependence on time
(t) and space (z) is referred as column dynamics or adsorption dynamics.

q=1(tz), T = constant. (8)

The adsorption equilibrium constitutes the foundations of all adsorption approaches, being its
study necessary for the proper understanding of both adsorption models, kinetic and dynamic. To
forecast the behavior of adsorption dynamics, the analysis of adsorption equilibrium and kinetics is
indispensable [124].

5.1. Adsorption equilibrium

The determination of equilibrium data is crucial to understand the adsorption processes, to
characterize the tendency to adsorb of different water pollutants, to choose the most favorable
adsorbent, and to design batch and fixed-bed adsorption reactors. The adsorption equilibrium is
strongly affected by the characteristics of the adsorbate-adsorbent couple but also by the pH and
temperature of the liquid phase, and the existence of competing adsorption.
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Typically, the adsorption equilibrium is obtained experimentally at constant temperature, and
the experimental points are fitted by a mathematical equation that constitutes the isotherm equation.
To obtain equilibrium data, and the subsequent isotherm equation, the bottle-point method is the
more often used. In this procedure, different isotherm points are calculated by using different bottles
in parallel (a minimum number of approximately 8 bottles is advisable to get enough data points).
Each bottle is filled with a specific volume of adsorbate solution, V, with an initial concentration, Co.
Afterwards a mass of the adsorbent, m, is added to each bottle under shaking or stirring until
equilibrium state is achieved. One of the problems of this methodology is to assure enough contact
time to reach the adsorption equilibrium, which could vary between a few hours and several days. It
is worth mentioning the strong influence of the adsorbent particle size in equilibrium time, with
longer equilibrium times for larger particles sizes due to the increasing diffusional effects. The
equilibrium time could be estimated from the kinetic tests described in the following chapter. Once
equilibrium is achieved, the equilibrium concentration of the adsorbate in the liquid phase, Ce, has to
be quantified. Then, the specific adsorbed amount, qe, is determined from the material balance
equation:

C,— C)V

e m
Up to the date, there is no isotherm equation describing properly all experimental isotherm
curves. In contrast, many isotherm equations have been obtained from theoretical or empirical
models. Although, the objective should be finding an isotherm model as simply as possible to be used
for adsorber design. Probably, the most used adsorption isotherms are those proposed by Langmuir
[125] and Freundlich [126]. The Langmuir isotherm has the form:

q,,bC
17 T4pC’

(10)

where gm and b are the isotherm parameters. The parameter gm has the same unit as the adsorbent
loading (usually, mg-g! or mmol-g), and the unit of b is the reciprocal of the adsorbate concentration
unit. Langmuir model supposes that adsorption proceeds through a monolayer coverage of the
adsorbent surface with energetic homogeneity of the adsorption sites. Obviously, this assumption is
not fulfilled for all the pairs adsorbent-adsorbate, resulting in an inadequate adjustment of the
experimental results. Langmuir isotherm model could be linearized to avoid more complicated non-
linear regression. Different linearizations are possible:

c_t1c 11
q 9q,b q, "
1 B 1 N 11 (12)
q q, 9,bC
1gq
9=9, ~§ ¢’ (13)
q = —_
C =q,b—qb. (14)
As an alternative, Freundlich isotherm can be used:
q=KC", (15)

being K and n the characteristic parameters of the Freundlich isotherm. K is known as the adsorption
coefficient and it is related to the strength of adsorption. High K values correspond with higher is the
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amounts of adsorbent loading. The exponent n is related to the curvature of the isotherm and reflects
the energetic heterogeneity of the adsorbent surface. Values of n lower than 1 yield concave
isotherms, an n value equal to 1 result in a liner isotherm and if n is higher than 1 the isotherm is
convex (Figure 8). Many of the studies in the literature reported n values lower than 1, with high
adsorbed amounts at low concentrations. Due to this, these isotherms are considered as favorable
isotherms, while isotherms with n > 1 are defined as unfavorable. The unit of K (= q/C") depends on
the units used for q and C and includes the exponent n. The conversion of these K units from one
study to another for comparison purposes is not straightforward due to the included exponent n.
Tables for K unit conversions could be found elsewhere [124]. Freundlich isotherm could be also
linearized as follows:

Inq=InK+nInC, (16)
(a) (b) (0

o ol q o

g g n= <

2 n<1 2 5

= ] =

§ 2 8 n>1

= k k-

= = £

=
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Figure 8. Forms of the Freundlich isotherm depending on the n value: (@) n<1, (b)n=1, and (c) n> 1.

Adsorption equilibrium results are also fitted by Dubinin-Radushkevich (DR) model, which is
developed from the theory of volume filling of micropores (TVFM) [127]. The mathematical
expression of this isotherm is shown below:

Csat ?

= ﬁexp =) (17)

where R is the universal gas constant, T is the adsorption temperature, Csat is the saturation
concentration of the adsorbate and Vm is the molar volume of the adsorbate. The isotherms
parameters are Vp, the specific pore volume, and Ec, the characteristic adsorption energy. In this
isotherm model, q is the molar loading expressed in adsorbate moles per gram of adsorbent Vp and
Vm units are cm3-g! and cm?mol?, respectively. The term RTIn(Csat/C) is known as adsorption
potential, e.

Csat

e=RTIn-2". (18)

The linearization of the Dubinin-Radushkevich (DR) model is shown below:

Inq=1 Ve 1 (RTI Csat)z 19
nq= an E% n c) - (19)

Two parameters isotherms, such as those previously mentioned, cannot properly describe
adsorption results over a broad concentration range. In those cases, different isotherm parameters
should be specified for narrower concentration ranges or three-parameter isotherms should be used.
Table 4 summarizes the characteristic equations of isotherms with three parameters. Isotherm model
with more than three parameters are hardly ever used.
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Table 4. Characteristic equations of isotherm models with three parameters.

Model Equation
. L . q,,(bo)"
Langmuir-Freundlich isotherm/Sips isotherm q= m [128]
Redlich-P isoth ¢ 129
-Pet t! =_—m
edlich-Peterson isotherm q 1+ (ba) [129]
P q,,be
To6th isotherm q= W [130]
Vp RTIn Sat
Dubinin-Astakhov (DA) equation =y P~ —F [131]

5.2. Adsorption kinetics

Any adsorption process, especially those performed on porous adsorbents requires a time to
achieve the equilibrium state due to the existence of mass transfer resistances. The evolution of the
amount adsorbed with time is known as adsorption kinetics. Diffusion through the particle external
surface and inner porosity controls the rate of adsorption. The determination of the mass transfer
parameters as well as a proper equilibrium model are necessary for the design of adsorber reactors,
slurry or fixed-bed.

The adsorption process proceeds by four successive steps: (i) diffusion of the adsorbate from the
liquid phase to the hydrodynamic boundary layer surrounding the adsorbent particle, (ii) diffusion
through this layer to the external surface of the adsorbent (film diffusion or external diffusion), (iii)
diffusion through the inner porosity of the adsorbent particles (intraparticle diffusion or internal
diffusion), and (iv) energetic interaction between the adsorbate and the adsorption sites. Usually the
first and the fourth steps are supposed to happen very fast. Therefore, the slower step between film
and intraparticle diffusion determines the global adsorption rate. To clarify what step controls the
adsorption rate, it should be considered that film diffusion depends on the hydrodynamic conditions.
Therefore, if an increase of the stirrer velocity (slurry adsorbers) of the flow velocity (fixed-bed
adsorbers) result in an increase of the adsorption rate, the kinetics of the process is controlled by film
diffusion. In contrast, the adsorbent particle size affects both the film diffusion and the intraparticle
diffusion as a consequence of changes of surface area and diffusion paths, respectively. The
intraparticle or internal diffusion mechanisms happen by effective pore volume diffusion, surface
diffusion, or a combination of both mechanisms. The effective pore volume diffusion can be defined
as the movement of the adsorbate molecules through the inner porosity of the adsorbent particles
and it is denoted by Dp, the effective pore volume diffusion coefficient. On the other hand, the surface
diffusion is related to the transport of the adsorbate on the surface of the adsorbent particles, from
higher energy sites to lower energy sites. This mechanism is represented by the surface diffusion
coefficient, denoted as Ds [132].

Adsorption kinetic curves, C = {(t), are obtained by following the change of the concentration of
the adsorbate with time in a specific solution volume (V) with a known mass of adsorbent (m). The
fitting of the kinetic curve to the different adsorption kinetic models allows the determination of the
mass transfer coefficients. The mass transfer coefficients of film diffusion determined experimentally
depend on hydrodynamic conditions and, therefore, they cannot be used in other experimental
conditions. Due to this, most kinetic tests focus exclusively on internal diffusion, which is not affected
by hydrodynamic conditions. Consequently, the conditions of the kinetic tests are chosen to obtain
very fast film diffusion in order to avoid considering this step in kinetic model. To avoid the influence
of film diffusion a minimum stirrer or flow velocity, for slurry or fixed-bed adsorbers, respectively,
should be used. This minimum velocity can be estimated obtaining different kinetic curves with
increasing stirrer or flow velocities up to invariable kinetic curves.

Probably the most complete diffusional model is the pore volume and surface diffusion model
(PVSDM). This model assumes constant adsorption temperature; spherical adsorbent particles, and
negligible transport by convection inside the pores. The intraparticle diffusion can happen by pore
volume diffusion mechanism and surface diffusion mechanism or both. The values of effective pore
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volume diffusion coefficient (Dp) and effective surface diffusion coefficient (Ds) are considered
constant and the adsorption rate on an active site instantaneous [132,133]. This model is described by
the following equations:

VI= —mSkg(C, — Cy( I 1=r), (20)
t=0; C,=C,, (21)
oC, 6q_ 10 D OCr+ qu 99
oo 05~ marl” (r o * Do) @2)
t=0,0<r<R;C,.=0, (23)
05 leo=0 24
ar =0 " Y ( )

oC, oq
Dp E |1=R + QPDS g |r=R = kF (Ct - Cs(t) |r=R)! (25)

where V is the solution volume, m is the adsorbent mass, S is the external surface area per mass of
the adsorbent, kr is the external mass transfer coefficient, R is radius of the adsorbent particles, ¢p is
the void fraction of the adsorbent, gp is the apparent density of the adsorbent, Co is the initial
adsorbate concentration in the bulk solution, C: is the adsorbate concentration varying with the
position and time, and q is the mass of adsorbate per mass of adsorbent varying with the position
and time, respectively. The PVSDM model can be simplified by considering that the sole intraparticle
diffusion mechanism may be either pore volume diffusion (PVDM) (Ds = 0) or homogeneous surface
diffusion (HSDM) (Dr = 0). The solution of this model assumes that exists a local equilibrium between
the adsorbate concentration of the pore solution, Cr, and the mass of adsorbate adsorbed on the pore
surface, g, represented by the adsorption isotherm [132].

Although diffusion models are appropriate to describe adsorption kinetics for porous
adsorbents, the complexity of the solution of the equations that describe this model has resulted in
an increasing number of studies describing the adsorption kinetics by more simple models based on
chemical reaction kinetics. These adsorption reaction models describe adsorption as a single
phenomenon, unlike diffusive models. The most analyzed models are the pseudo-first-order and
pseudo second-order models, and Elovich equation [134].

The pseudo-first order model is described by the equation:

dqt
k(- a) @)

where qe and q: (mg-g") are the adsorption capacities at equilibrium and time t (min), respectively,
and ki (min?) is the pseudo-first-order rate constant of the kinetic model. The solution of this equation
with the initial condition t=0; =0 and t = t; q = q: results in:

In <q = q ) =Kkt or qt = qe[1 — exp(k; D], @7
e — Q¢

Different studies about the adsorption of pollutants from liquid phase confirm this model as the
most appropriate to represent adsorption kinetics.
The pseudo-second order model [135] can be expressed by:

dq 2
@, -a) @)
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where k2 is the pseudo-second order rate constant with units g'-mg'-min'. The integration of the
above equation with the initial condition of qt=0att=0and q:=q: at t =t, yields:

LR S (29)
(.-q) 9%

or alternatively:

t
q,- ) R R (30)

(w) (.

where ho (mg-g'min') is the initial adsorption rate. This model has been also successfully
applied to the adsorption of different compounds from aqueous solutions.
Finally, the Elovich model [136] was described by the next differential equation:

dq

e Pa 31
ae P9,

I (31)

where a (mg'min'-g?) is a constant associated to chemisorption rate and  (g'mg?) is a constant

related to the extent of surface coverage. Assuming that af3t >> 1, and with the initial condition of q

=0att=0and q=qatt=t, this equation can be solved in:

q,=BIn(ap) + BIn(t). (32)

p can be directly obtained from the slope of the plot of q-t versus In(t). And « can be calculated from
the intercept of the same plot once {3 is known.

5.3. Adsorption dynamics

Many real adsorption procedures proceed in continuous operation conditions in fixed bed adsorbers
[137,138]. In this type of adsorbers, the stream goes through a column packed with the adsorbent
particles and the pollutants are continuously adsorbed during the operation until exhaustion of the
adsorbent capacity. Breakthrough curves consist of the representation of the outlet concentration as
a function of the adsorption time up to saturation of the adsorber, i.e. equal inlet and outlet
concentrations. Figure 9 shows the typical breakthrough curve, representing the evolution of the
outlet concentration with adsorption time. The concentration increases due to the limited adsorption
capacity of the bed. The zone represented in grey color is the mass transfer zone, defined as the part
of the adsorbent bed where adsorption is happening and therefore, the concentration varies in the
direction of the flow. Breakthrough happens when the leading forward part of this zone reaches the
exit of the column. The breakthrough concentration Cb is defined as the maximum concentration
allowed at the outlet stream and it depends strongly on the requirements that the outlet stream need
to fulfill.

In the mathematical modeling of fixed-bed adsorption processes, some assumptions must be
adopted: (i) the system behave as isothermal, without temperature variations through the bed
produced by the adsorption process itself; (ii) only one adsorbate is present in the liquid stream; (iii)
the concentration of the solute in the liquid is small, so that adsorption does not produce any change
the liquid flow rate; (iv) there is not radial velocity and therefore; (v) the adsorbate concentration in
both phases in the radial directions are constant [132]. Assuming these suppositions, the mass balance
equation of the column can be expressed as:
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where v is the flow liquid velocity (cm's?), gp is the adsorbent particle density (g-cm=), Dv is the axial
dispersion coefficient (cm?s?), and z is the spatial coordinate for the column length (cm). The
adsorption rate, 0q/0t, can de described by one of the kinetic models defined in the previous section.
This equation can be numerically solved using the following initial and boundary conditions:

t=0; C=0; q=0, (34)
t>0;, z=0; q=0, (35)
(oo, Sisg Mg 36
ot dt (36)
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Figure 9. Typical breakthrough curve (Co = breakthrough concentration; Co =feed concentration; t» =
breakthrough time; ts = saturation time) (Reprinted from [139] with permission from Elsevier).

Different numerical methods have been explored to estimate the mass balance equation for
fixed-bed adsorbers. However, the use of this rigorous model requires the knowledge of many
interdependent kinetic parameters before solution [140]. Due to this, empirical models with high
accuracy but significant less parameters has been proposed in the literature [141]. Some of them are
briefly described in the following lines.

The Bohart-Adams model [142] was obtained applying the surface reaction theory that considers
that the equilibrium is not reached instantaneously, and adsorption rate is proportional to both the
adsorption capacity and the concentration of solute in the liquid. This model is very suitable for
adsorption processes with high affinity equilibrium behavior (or irreversible isotherm) [132,143]. The
linearized expression of the Bohart-Adams equation is:

CO kBAN()Z
In (E - 1)= kot 37)

where ksa is the Bohart-Adams rate constant (cm?®mg”-min-), No is the adsorption capacity per unit
volume of sorbent bed (mg-cm?), z is the bend length (cm), and u the superficial velocity (cm-min?).

d0i:10.20944/preprints201809.0336.v1
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Plotting In[(Co/C) —1)] versus t gives a straight line whose slope is ~ksaCo and the intercept with the
Y-axis is equal to ksaNoz/u.

The Thomas model [144] assumes Langmuir adsorption isotherms, kinetic following a pseudo-
second-order model and no axial dispersion. Under these conditions, the linearized solution of the
mass balance equation could be expressed as:

C krgom
0 )= T _ e Cot, (38)

In (E -1 Q
where kr is the Thomas rate constant (cm3-mg1-min?), qo is the saturation adsorption capacity (mg-g-
1), m is the adsorbent mass in the column (g) and Q is the operating flow rate (cm?®min-).

The Yoon-Nelson model [145] was proposed to predict the breakthrough curves of gas-phase
adsorbates on activated charcoal. This model supposes that the rate of adsorption is proportional to
the adsorption rate and the yield curve of the adsorbed material. The linearized equation of the Yoon-
Nelson model can be expressed as:

In ( COS C)= Kyn(t = 1), (39)

where kv is the rate constant (min?), and t is the time (min) required for 50% adsorbate
breakthrough. Both parameters can be obtained from the plot of a In[C/(Co—C)] versus t. This model
does not require any information about the adsorbent particles and/or bed properties.

Finally, the Wolborska model [146] was proposed to predict the breakthrough plots at low
concentration of the adsorbate. The linearized expression of the Wolborska model corresponds to:

in (&)~ B2

C_O N() u'

(40)
where Co is the inlet concentration of adsorbate (mg-1?), a is a kinetic coefficient for external mass
transfer (min™), No is the maximum amount adsorbed per unit volume of adsorbent (mg-1?), Z is the
bend length (cm), and u is the superficial velocity (cm'min?). From the plot of In(C/Co) versus t, Ba
can be calculated from the intercept with the Y axis, and No from the slope once {3 is determined. In
some studies it is observed that this model fits properly only to the initial part of the breakthrough
plot [147]. More empirical models for the fitting of the breakthrough adsorption curves could be
found elsewhere [139].

6. Adsorption of emerging contaminants on biomass-derived carbons

6.1. Adsorption on biochars

This section summarizes the results about adsorption of emerging contaminants on biochars or
modified-biochar. The literature contains numerous references about activated biochars which are
intentionally omitted in this section, since an activated biochar can be considered an as activated
carbon and therefore included in the following section focused on adsorption on activated carbons.

Antibiotics are frequently detected in water streams due to its widespread use by today's society.
Among them, various sulfonamides, based on SO:NH: group, are used regularly because of their
antibacterial activity. Among them sulfamethoxazole (SMX) has been chosen as target pollutant in
many reported works. It was adsorbed at different pH on magnetic biochar derived from pine
sawdust [148]. The amount adsorbed decreases with increasing pH values, especially at the highest
pH analyzed (8.5). The authors conclude that the adsorption mechanism is controlled by mt-mt electron
donor acceptor and hydrophobic interactions. The adsorption of sulfamethoxazole on a biochar from
pelletized pine-forestry waste and the subsequent thermal regeneration in fixed-bed adsorber was
also analyzed [149]. It was observed a more than 3-fold augment of the adsorption capacity of
sulfamethoxazole after thermal regeneration of the adsorbent bed. Zheng et al. [150] analyzed the
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adsorption of SMX on Arundo donax derived biochars carbonized at different temperatures in the
range of 300 to 600 °C and different pH values. Authors report that neutral SMX molecules (SMX?)
were dominant for sorption at pH 1.0-6.0, while above pH 7.0, although biochars surfaces were
negatively-charged, anionic SMX species sorption increased with pH and is regulated via charge-
assisted H-bonds. The SMX0 sorption at pH 5.0 was nonlinear and was controlled for all biochars via
hydrophobic interaction, m-7t electron donor-acceptor interaction and pore-filling. Regarding the
temperature used to carbonize the biochars, it was described that the removal of inorganic fraction
by low-temperature biochars (e.g., 300 °C) reduced SMX sorption, while enhanced the sorption by
high-temperature biochars (e.g., 600 °C) due to the presence of temperature-dependent inorganic
fractions in the biochars. Xie et al. [151] analyzed the adsorption of sulfamethoxazole and
sulfapyridine on three pine-wood biochars. For both sulfonamides, the adsorbent surface area-
normalized adsorption was stronger at higher pyrolysis temperature, probably due to the enhanced
m-1t electron-donor-acceptor interaction with the carbon surface by the higher degree of
graphitization. Despite the relatively large difference in surface O-functionality content between the
biochars, their surface area-normalized adsorption was very similar, suggesting a low-significant role
of the surface O-functionalities. The simultaneous removal of cadmium (Cd) and SMX on rice straw
biochar were investigated by Han et al. [152]. Equilibrium results were well described by the
Langmuir isotherm. The maximum adsorption capacity of SMX increased notable in the presence of
Cd (from 1.83 up to 9.18 mg-g*) probably as a consequence of the formation of surface complexes
between Cd or SMX and carboxyl or hydroxyl groups. Ahmed et al. [153] reported both the single
and competitive sorption of several sulfonamides, namely, sulfamethazine, sulfamethoxazole and
sulfathiazole on functionalized biochar. The experimental equilibrium data followed well Langmuir
and Freundlich models for single solutes, and by the Langmuir model for competitive solutes. The
adsorption capacities were in the order sulfathiazole >sulfamethoxazole>sulfamethazine, with about
three times lower adsorption capacities in competitive than in the single adsorption. The kinetic data
were best described by the pseudo second-order (PSO) model for single solutes, and by PSO and
intra-particle diffusion models for competitive solutes. Adsorption mechanism was governed by pore
filling through diffusion process. The adsorption of neutral species seems to proceed by strong H-
bonds followed by m-m electron-donor-acceptor, and by Lewis acid-base interaction. In contrast, the
adsorption of positive sulfonamides species is mainly due to m-7mt electron-donor-acceptor
interactions. Finally, in the case of the sorption of negative species was controlled by proton exchange,
although with a significant role of m-mt electron-acceptor-acceptor interactions. Li et al. [154]
investigated the sorption of SMX on biochars derived from rice straw (RS) and alligator flag (AF).
The adsorption was well described by the Langmuir isotherm with maximum adsorption capacities
of 3.65 mg-g? with rice straw derived adsorbent. The presence of Cu? and/or Cd?* ions at relatively
low concentrations (20 mg-L?) significantly enhanced the adsorption capacity.

Other important antibiotic presents in urban wastewater is the tetracycline, a broad-spectrum
antibiotic usually used in treatments of various infections. Rice husk derived biochar was used for
the adsorption of this antibiotic [155]. The biochar was modified by simple acid and alkali treatments.
It was concluded that the alkali treatment increased the adsorption capacity of tetracycline probably
as a consequence of the higher development of surface area. Jing et al. [156] analyzed the enhanced
adsorption of tetracycline on methanol-modified biochar from rice husk. The modified biochar
showed not only a higher capacity of tetracycline adsorption (both in batch and continuous
adsorption tests), but also a faster adsorption kinetic, probably because of the increase in the amount
of surface oxygen groups in the modified biochar. Recently, Chen et al. [157] reported tetracycline
adsorption capacities up to 167.5 mg-g-! using HsPOs-modified biochars from pig manure and rice
straw. The adsorption mechanism seems to proceed through H-bonding and m-7 electron donor
acceptor interactions, which can explain the increase of the adsorption with pH increasing from 5.0
to 9.0. Even higher tetracycline adsorption capacities were reported when using alkali-acid modified
biochar with magnetic properties obtained from sewage sludge [158]. According to density functional
theory model calculations, the adsorption mechanism was controlled by strong m-7t stacking
interaction and pore-filling effect. Wang et al. [159] reported the sorption of tetracycline from aqueous
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solution on biochars synthesized by pyrolysis at 300, 500 and 700 °C of rice straw. Both the Freundlich
and Langmuir isotherms describe properly the experimental adsorption data, with an increase in the
adsorption capacity with increasing pyrolysis temperature (maximum capacity of 14.16 mg-g* at 25
°C). The relatively high surface area (28 m2-g?) of the biochar pyrolyzed at the highest temperature
and the m—m electron-donor acceptor contributed to this high adsorption capacity. A thermodynamic
analysis indicated that the tetracycline adsorption process was spontaneous and endothermic.

Female hormones, such as 173-estradiol, used in various medical treatments have also been
detected in residual urban waters. The effect of the pyrolysis temperature on the adsorption of 17f3-
estradiol on rice straw-derived biochar was analyzed elsewhere [160]. The adsorption mechanism
was governed by electrostatic attractions and m-7 interaction. The chars synthesized at higher
carbonization temperatures showed higher adsorption capacities than those corresponding to the
biochars obtained at lower carbonization temperatures. The maximum adsorption capacity obtained
by fitting of the experimental data to Langmuir model isotherm was almost 65 mg-g1. Dong et al.
[161] analyzed the adsorption of 17B-estradiol using highly adsorptive magnetic biochar
nanoparticles from bagasse. The adsorption kinetics were described by a pseudo-second-order model
with a maximum adsorption capacity of 50.2 mg-gl. FTIR analyses suggested that adsorption
proceeds through simultaneous hydrophobic interactions and m-m electron donor-acceptor
interactions, while the controlling mechanism can change from hydrophobic to —m interactions with
increasing pyrolysis temperature.

Essandoh et al. [162] analyzed the adsorption of salicylic acid and ibuprofen from aqueous
solutions on pine wood biochar. Adsorption kinetics followed pseudo-second order model for both
adsorbates. The adsorption capacities obtained from Langmuir model were 22.70 and 10.74 mg-g ! for
salicylic acid and ibuprofen, respectively, despite the low porosity of the pinewood biochar (1.35
m?2-g1). A strong influence of the pH on the amounts adsorbed was observed. Salem and Yakoot [163]
reported ibuprofen adsorption capacities of approximately 170 mg-g? and adsorption kinetics
following a pseudo-second order model on rice straw based biochar carbonized at different
temperatures. The authors also conclude that ibuprofen adsorption happens by m-m interactions.

Lonappan et al. [164] reported the adsorption of diclofenac, a nonsteroidal anti-inflammatory
drug, on biochars derived from pine wood and pig manure. It was stated that diclofenac adsorption
on pine chars was strongly affected by pH. However, the adsorption on pig manure derived biochar
is not so affected by the pH variations, probably as a consequence of the higher amount of surface
functional groups of pig manure biochar as well as the diclofenac hydrophobicity.

Tong et al. [165] reported the adsorption of triclosan, an antimicrobial used for personal hygiene
and disinfection products, on acid treated biochar pyrolyzed at different temperatures in the range
of 300 to 800 °C. The maximum triclosan uptake, 0.87 mg-g-, was obtained with the biochar obtained
at 800 °C. The biochar adsorbent show little variation in its adsorption capacities at pH between 5 and
9. The adsorption was ascribed to the relatively high surface area (141 m?-g' for the sample pyrolyzed
at 600 °C), hydrophobicity, and potential interaction between biochar and triclosan functional groups
including hydrogen bonding and m-stacking. More recently, the same research group analyzed the
triclosan adsorption on bench-scale column experiments to stablish the influence of flow rate and
competition due to the presence of other organic micropollutants and inorganic nutrients on
adsorption on biochar [166].

Pesticides removal from waste by adsorption on biochar has been also analyzed in the literature.
Mandal et al. [167] studied the adsorption of atrazine and imidacloprid on different chars obtained
from eucalyptus bark, corn cob, bamboo chips, rice husk and rice straw. The adsorption kinetics was
well described by the Elovich model. The adsorption capacity of the rice straw derived biochar was
enhanced after treatment with phosphoric acid. Atrazine adsorption on biochars obtained from dairy
manure by heat treatment in air at different temperatures (<500 °C) was also studied ) [168]. This
study concludes that the removal efficiency increases with the temperature of the treatment, although
at the highest temperature the sample showed an extremely high ash content, due to the oxidation of
most of the organic matter of the biochar. Zhao et al. [169] analyzed the effect of NH4sH2POs treatment
of corn stalk biochars on the atrazine adsorption. They conclude that the treatment increases very
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significantly the adsorption capacity of atrazine on biochar, from 7.8 up to 53.9 mg-g' at 25°C. The
isotherms were best fitted by the Redlich-Peterson model. Atrazine sorption on deashed pig manure
biochars suggested that the adsorption mechanism can be explained by hydrophobicity of the
adsorbent, although pore-filling and m-m electron donor-acceptor interactions were also involved
[170]. Adsorption increased very significantly with the removal of the ashes, probably by the
unblocking of adsorption active sites. Xiao and Pignatello [171] indicated that micro- and
mesoporosity of biochars, which increase with the temperature of the synthesis treatment, strongly
affect the adsorption of triazine herbicides. Although, steric effects and m—m electron donor-acceptor
interactions have also to be considered. Liu et al. [172] found that the atrazine adsorption capacities
increased with increasing pore volume of biochars. A thermodynamic analysis revealed a low
activation energy of the adsorption process suggesting a predominantly physical adsorption
mechanism. The adsorption of several pesticides, namely, bentazone, chlorpyrifos, diuron,
glyphosate and 2-methyl-4-chlorophenoxyacetic acid (MCPA) on wood derived biochars was
analyzed by Cederlund et al. [173] The adsorption capacity varied greatly depending on the pesticide
following the order diuron > chlorpyrifos > MCPA > bentazone > glyphosate. Heat treatment at 450
°C increased the porosity and the wettability of the biochar, resulting in increased adsorption of
MCPA and bentazone. The coating of the biochar with magnetite reduced the specific surface area
although enhanced the adsorption of glyphosate.

The adsorption of plasticizers compounds has also been analyzed in the literature. Different
biochars from the pyrolysis of grass and wood biomass at different temperatures (200-700 °C) were
used in the adsorption of phthalic acid esters (PAEs) with different hydrophobicity [174]. The study
concluded that lower temperature treatments yield more efficient adsorbents as a consequence of
their higher hydrophobicity. Jin et al. [175] analyzed the adsorption and co-adsorption of
phenanthrene (PHE) and dibutyl phthalate (DBP) on biochars from grass (soybean, rice, and cotton)
straw, wood dust and swine manure. They observed enhanced adsorption with surface polarity and
ash content, probably due to the increase of polar groups of the inorganic material. The presence of
PHE resulted in DBP enhanced adsorption, suggesting that DBP and PHE had different adsorption
sites. Ghaffar et al. [176] analyzed the effect of biochar aging on adsorption capacity of di-alkyl
phthalates. Biochars were synthesized from peanut-shell and their aging was induced by chemical
oxidation with HNOs/H2SOs. Despite the aging process reduced surface area and porosity, an
increased adsorption is observed after aging probably due to the existence of strong binding sites
between the oxidized surface of the adsorbent and the phthalates molecules. The adsorption proceeds
through hydrophobic interactions and 7-t electron donor-acceptor interactions. Recently, Jing et al.
[177] studied the adsorption of two typical PAEs, dimethyl phthalate and diethyl phthalate, on
biochars obtained from peanut hull and wheat straw at different pyrolysis temperatures (450, 550,
and 650 °C). Increasing pyrolysis temperatures results in biochar with higher surface area, higher
aromaticity and lower amount of surface functional groups. Adsorption kinetics were well defined
by quasi-second-order kinetic model. Regarding to the adsorption capacity, the biochars from wheat
straw showed higher adsorption capacities than those of peanut hull biochars, probably due to the
differences in the oxygen-functional groups.

6.1. Adsorption on activated carbons

Since the removal of emerging contaminants is receiving special attention in the purification of
waters, there are many works in bibliography devoted to this line of research. Table 4 summarizes
the adsorbed emerging contaminant, some of the characteristic parameters of the activated carbon
used as adsorbent, the temperature and pH at which the adsorption process was analyzed and the
maximum adsorption capacity (mainly from the Langmuir’s monolayer adsorption capacity, but also
directly from experimental results) obtained from some of the studies previously reported in the
literature.

The adsorption of antibiotics has been widely analyzed. In this sense, Rajapaksha et al. [178]
studied the adsorption of sulfamethazine (SMT) from water on steam activated biochars from Sicyos
angulatus L., from gourd family. Adsorption showed a strong dependence with pH, surface area and
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Table 4. Adsorbed emerging contaminant, some of the characteristic parameters of the activated carbon used as adsorbent, temperature and pH at which the adsorption
process was analyzed, and maximum adsorption capacity obtained from some of the studies previously reported in the literature.

Pollutant Activating agent Biomass Aver T (°C) pH Adsorption capacity Ref.
precursor (m?g7) (mg-g)***

Antibiotics
Tetracycline NaOH Macadamia nut shells 1524 - 3.0-10.0 455.3 [97]
Tetracycline HsPOu Lignin 933 20 55 475.5 [179]
Tetracycline H3PO4 Hazelnut shell 1425 20 5.0 302.9 [180]
Tetracycline HsPOu Apricot stones 308 30 - 308.3 [181]
Tetracycline HsPOs - Fe(NOs)s  Iris tectorum 1371 22 2.0-11.0 769.2 [182]
Tetracycline ZnClz Tomato industrial waste 1093 35 5.7 500.0 [183]
Tetracycline ZnCl2 Grape industrial processing pulps 1455 35 5.7 625.0 [184]
Tetracycline ZnCl Oak charcoals 224 20 3.0-11.0 282.1 [185]
Tetracycline NaOH Pinus taeda 960 20 6.0 274.8 [98]
Oxytetracycline HsPO4 Hazelnut shell 1425 20 5.0 321.5 [180]
Chlortetracycline HsPO4 Hazelnut shell 1425 20 5.0 313.5 [180]
Sulfamethazine Steam Sicyos angulatus L 25 3.0 377 [178]
Sulfamethoxazole HsPOs Bleached pulp 965 25 7.3 13.0 [186]
Amoxicillin ZnClz Macauba palm waste 907 25 -- 38.0 [187]
Ciprofloxacin HsPO4 Lignin 933 20 55 418.6 [179]
Steroids
Ethinylestradiol ZnCl Macauba palm waste 907 25 3.0-9.0 30.8 [187]
17p-Estradiol NaOH Mixture of several biomass waste 16 25 2.0-11-0 7.6 [188]
17a-Ethinylestradiol NaOH Mixture of several biomass waste 16 25 2.0-11-0 7.9 [188]
PB-blockers
Atenolol CO2 Palm kernel shell 711 25 7.0 183.4 [189]
Acebutolol CO2 Palm kernel shell 711 25 7.0 2254 [189]
Anti-inflammatory
Ibuprofen HsPOs Olive-waste cakes 793 20-40 2.0-8.6 12.6 [190]
Ibuprofen Steam Aegle marmelos shell 308 15-45 2.0-6.0 12.6 [191]
Ibuprofen K2COs - steam Cork waste 1060 20-40 2.0-11-0 416.7 [192]
Naproxen HisPOs Olive-waste cakes 793 20-40 2.0-8.6 39.5 [190]
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Pollutant Activating agent Biomass Aver T (°C) pH Adsorption capacity Ref.
precursor (m?g7) (mg-g)***

Ketoprofen H3PO4 Olive-waste cakes 793 20-40 2.0-8.6 24.7 [190]
Diclofenac HsPO4 Olive-waste cakes 793 20-40 2.0-8.6 56.2 [190]
Analgesic
Paracetamol HsPOs Olive stones 990 25 -- 98.4 [193]
Paracetamol HsPOs Spent tea leaves 1208 25 7.0 59.2 [194]
Antipyrine FeCls Tara gum 1680 20 -- 275.0 [54]
Antiepileptic
Carbamazepine HsPO4 Bleached pulp 965 25 7.3 92.0 [186]
Carbamazepine CO2 Palm kernel shell 711 25 7.0 170.1 [189]
Carbamazepine KOH Pomelo peels 904 25 2.0-12.0 286.5 [195]
Carbamazepine HisPOs Peach stones 1216 30 Natural 335.0 [196]
Stimulant
Caffeine ZnClL (MW)* Eragrostis plana Nees leaves 1250 25 7.0 235.5 [197]
Caffeine HsPOs Pineapple leaves 1031 25-55 2.0-9.0 155.5 [198]
Caffeine KOH Polymer waste 1889 25 -- 351.0 [199]
Pesticide
Atrazine KOH Hemp stem 2213 25 5.0-9.0 466.0 [200]
Atrazine KOH Sugarcane bagasse 1325 20-40 3.0-11.0 196.1 [201]
Atrazine HsPO4 Banana peels - 25-60 2.0-9.0 144 [202]
Glyphosate KOH Waste newspaper 535 28 2.5-8.0 484 [203]
Carbofuran KOH + CO2 Palm oil fronds 1237 30 2.0-12.0 164.0 [204]
Diuron H3PO4 Grape seeds 1139 15-45 - 129.1 [205]
Plasticizers
Dibutyl phthalate HsPO4 Albizzia julibrissin pods 1139 mg-g1 IN** 10-40 3.8 1305.0 [206]
Diethyl phthalate HsPOs Albizzia julibrissin pods 1139 mg-gt IN** 10-40 3.8 457.0 [206]
Dibutyl phthalate ZnCl Ginkgo leaves 697 25 1.0-13.0 129.9 [207]
Dibutyl phthalate -- Nutshell 1224 25-55 3.0-9.0 104.7 [208]

*MW = Microwave heating; **IN = Iodine number;

***The adsorption capacity corresponds in many of the studies to the monolayer adsorption capacity of the Langmuir isotherm
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pore volume. The equilibrium data were well predicted by the Freundlich and Temkin models
indicating favorable chemisorption processes and electrostatic interactions between SMT and the
surface of the adsorbent. The activation process resulted in an increased adsorption capacity with a
maximum at an activation temperature of 700 °C and pH 3 (37.7 mg-g'). Oliveira et al. [186] prepared
activated carbons by chemical activation with K2COs or HsPOs using raw and bleached pulps from
the papermaking industry. The carbons were used as adsorbents in batch-type adsorbers on the
removal of the antiepileptic carbamazepine and the antibiotic sulfamethoxazole from ultra-pure
water and from Waste Water Treatment Plant (WWTP) effluents. In the case of real WWTP effluents,
although the synthesized activated carbons adsorbed significant amounts of both carbamazepine and
sulfamethoxazole contaminants, a lower adsorption capacity was obtained for the latter. The highest
adsorption capacities from WWTP effluents were achieved by carbons produced from bleached pulp
and activated with HsPOs, 92.0 and 13.0 mg-g?! for carbamazepine and sulfamethoxazole,
respectively. Tetracycline was adsorbed on a NaOH-activated carbon synthesized from macadamia
nut shell using an impregnation ratio of 3:1 and an activation temperature of 700 °C [97]. The porous
structure is composed mainly of micropores (78.2%) with a surface area of 1524 m?-g. According to
Boehm titration, the surface of the activated carbons presents predominantly basic groups, being in
agreement with the pHpz value of 8.74. The isotherm model that best fitted to experimental data was
Temkin, while the best fitted kinetic model was Elovich. The maximum monolayer adsorption
capacity was 455.33 mg g1. The adsorption process is limited by intraparticle and film diffusion.
Marzbali et al. [181] studied the batch adsorption of tetracycline using a mesoporous activated carbon
prepared from apricot shell by HsPOu. activation. A thermodynamic analysis revealed that the
adsorption process is endothermic and spontaneous. Adsorption equilibrium data fitted well to the
Freundlich model, whereas adsorption kinetics followed a pseudo-second order model. The highest
adsorption capacity on this activated carbon was 308.3 mg-g'. The authors concluded that
tetracycline adsorption is controlled by both intraparticle diffusion and film diffusion mechanisms.
The results showed the successful application of synthesized activated carbon for effective removal
of tetracycline (TC). Huang et al. [179] analyzed the adsorption of tetracycline and ciprofloxacin on
an activated carbon obtained from lignin by HsPOs chemical activation. The synthesized activated
carbon showed a surface area of 933 m2-g"! and both acidic and basic surface functional groups. The
adsorption kinetics for both adsorbates followed pseudo-second order model, while adsorption
equilibrium data adjusted well to the Langmuir isotherm with maximum adsorption capacities of
475.48 and 418.60 mg-g! for tetracycline and ciprofloxacin, respectively. The effect of ferric nitrate as
dopant for adsorption of tetracycline from aqueous solutions was analyzed by Li et al. [182]. Ferric
nitrate was used for altering the properties of an activated carbon obtained by HsPOs chemical
activation of Iris tectorum. The presence of the nitrate salt increases the porous development and the
amount of surface acidic groups, resulting in a significantly higher adsorption capacity of
tetracycline. A strong reduction of the adsorption capacity with increased pH was observed, with a
tetracycline maximum adsorption capacity of 769.2 mg-g1. Fan et al. [180] analyzed the equilibrium
and kinetic and sorption of three tetracycline antibiotics, namely, tetracycline (TC), oxytetracycline
(OTC), and chlortetracycline (CTC), on hazelnut shell derived activated carbons (HSAC) obtained by
HsPOs activation. The maximum adsorption capacities were 321.5, 313.5 and 302.9 mg-g* for OTC,
CTC and TG, respectively. The data fitted well with the pseudo-second-order kinetic and Langmuir
models. The intraparticle diffusion model indicated that the adsorption of TCs on the HSAC was
controlled by both intraparticle diffusion and external mass transfer. Under the tested temperature
and pressure, the thermodynamic constants revealed that the adsorption of TCs onto the HSAC was
spontaneous and endothermic. Saygili and Glizel [183] synthesized an activated carbon by ZnCle-
activation of tomato industrial processing waste devoted to tetracycline adsorption. The
experimental data followed a pseudo-second order kinetic model and the Langmuir isotherm, with
a maximum adsorption capacity of 500.0 mg-g'. Thermodynamic study reveals that the adsorption
was endothermic and spontaneous under the analyzed conditions. In a similar study [184], the same
authors obtained even a higher adsorption capacity of tetracycline, 625 mg-g?, using an activated
carbon prepared by ZnCl: chemical activation from grape industrial processing pulps. ZnClz2 was also
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chosen as activating agent for the preparation of an activated carbon from oak charcoals devoted to
tetracycline adsorption [185]. In this study, the effect of the presence of inorganic cations (Li*, K,
Mg?+, Ca?, Ni%, and Fe?") and anions (HCOs -, NOs - and SO4*) was analyzed, resulting in all cases in
a reduction of the tetracycline amount adsorbed. Conversely, in this study, the solution pH showed
very little effect on the adsorption. The highest amount adsorbed was 282.1 mg-g. Jang el al. [98]
evaluated the adsorption of tetracycline on NaOH activated carbon from Pinus taeda. The study
concluded that hydrogen bonding and m-mt interaction were the most plausible adsorption
mechanisms, being intraparticle diffusion a major limitation for the adsorption.

The adsorption of five endocrine disruptors, namely estrone (E1), 17p-estradiol (E2), estriol (E3),
17a-ethynylestradiol (EE2) and bisphenol A (BPA) on carbon from Eucalyptus globulus wood
particles activated with HsPOs was analyzed by Ahmed et al. [209]. The authors concluded that mt-7t-
electron-donor-acceptor interactions were responsible of the adsorption mechanism. The adsorption
capacity decreased following the order E1 > E2 > EE2 > E3 > BPA. Moura et al. [187] analyzed the
adsorption of bisphenol A, ethinylestradiol, and amoxicillin on an activated carbon obtained by
chemical activation with ZnClz of Macauba palm waste. The N2 adsorption-desorption isotherms at -
196 °C revealed a porosity consisting of micropores and narrow mesopores with a total surface area
of 907 m2-gl. The highest adsorption capacities were 33.8, 30.8 and 26.3 mg-g* for bisphenol A,
ethinylestradiol and amoxicillin, respectively. The authors also analyzed the effect of the pH and the
possible adsorption mechanisms. In the case of bisphenol-A, the fact that the adsorption is not altered
by positive or negative surface charges, and the molecule has two aromatic rings with conjugated m
bonds, suggested that the mechanism of -7t interactions was the most probable. Similar results were
observed in ethinylestradiol adsorption. In contrast, amoxicillin showed an increase in the adsorbed
amount at pH of 3, where a positive surface charge is present, suggesting an electrostatic interaction
mechanism. Rovani et al. [188] obtained an activated carbon from NaOH activation of coffee grounds,
eucalyptus sawdust and soybean oil. The carbon, with a very limited porosity development (16 m?-g-
1) was used as adsorbent of 173-estradiol (E2) and 17a-ethinylestradiol (EE2) from aqueous solutions.
The kinetic experimental points were well described by a general order kinetic model, whereas
equilibrium points were best fitted by Sips isotherm model. The maximum adsorption capacities
were 7.6 and 7.9 mg-g! for E2 and EE2, respectively. The adsorption behavior of both compounds
was very similar regardless of the adsorption conditions.

Mestre el al [192] synthesized activated carbons from cork waste by two different procedures,
chemical activation with K2COs, and by a two stages procedure constituted by a chemical activation
with K2COs followed by a steam activation. The carbons were used for the adsorption of ibuprofen
from water. The steam activation step yields an activated carbon with a larger volume of
supermicropores and less acidic groups, resulting in significantly higher adsorption capacity of
ibuprofen. Again, as in many studies considered, kinetic and equilibrium adsorption results were in
agreement with the pseudo-second order kinetic equation and Langmuir model. Between 25 and 40
°C no significant influence of the temperature on ibuprofen adsorption was observed, reaching a
maximum adsorbed amount of 416.7 mg-g-!. However, the amount adsorbed decreases strongly with
increasing pH of the solution. The same research group [210] used activated carbon adsorbents
obtained from chemical and physical activation of a bioresource (cork) and a municipal waste
(plastic) also for ibuprofen removal. The work indicated that the ibuprofen adsorption is favored
when using activated carbons with basic surface properties and formed by mesopores and
micropores, whose presence is crucial to ensure accessibility and accommodation of the ibuprofen
molecule. Mondal et al. [211] explored the ibuprofen adsorption of steam activated mung bean husk
biochar. The equilibrium adsorption data followed the Langmuir isotherm model (maximum
adsorption capacity 62.5 mg-g'), whereas kinetic results fitted well a pseudo second order model.
Chakraborty et al. [191] studied the ibuprofen uptake on raw and steam activated biochar of Aegle
marmelos shell. Ibuprofen sorption by raw and steam-activated carbons followed Langmuir and
Freundlich isotherms respectively, following a pseudo second order kinetic model for both
pollutants. The thermodynamic study suggested the process to be exothermic, spontaneous and
feasible in nature. Baccar et al. [190] analyzed the adsorption of different pharmaceuticals, namely,
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ibuprofen, ketoprofen, naproxen and diclofenac on activated carbon synthesized by HsPOus chemical
activation of olive-waste cakes. Single and mixture drug solutions were considered. The adsorption
capacities of the four contaminants were quite different and relate to their pKa and their
octanol/water coefficients. The adsorption kinetics followed the pseudo-second-order kinetic model
for the four drugs. Increasing pH gradually reduced the adsorption capacities of the four compounds.
In contrast, adsorption temperature shows negligible effect in the adsorption process.

Wong et al. [194] synthesized activated carbons from spent tea leaves by chemical activation
with ZnClz, HsPOs, NaOH and K:CO:s for the adsorption of paracetamol. The activated carbon
prepared with HsPOs showed the highest paracetamol adsorption capacities (59.2 mg-g) probably
as a consequence of the more proper activation conditions for this activating agent (impregnation
ratio 1:1 and activation temperature 600 °C). The adsorption equilibrium results followed the
Langmuir isotherm model, whereas adsorption kinetics obeyed the pseudo-second order model.
Garcia-Mateos et al. [193] reported one of the very few studies about adsorption of emerging
contaminants on biomass-derived carbons in fixed-bed adsorbers. In this study, paracetamol was
adsorbed on an activated carbon synthesized by HsPOs activation of olive stone waste. Equilibrium
results fitted well to Langmuir isotherms with maximum adsorption capacities of around 100 mg-g-!
depending on the adsorption temperature. Breakthrough adsorption curves were predicted from the
batch kinetics experiments after estimation of homogeneous and heterogeneous diffusion
coefficients, reflecting the dependence of diffusion with the surface coverage of paracetamol. Bedia
et al. [54] synthesized activated carbons from Tara gum by the less studied FeCls activation.
Activation temperatures in the range of 400 to 1000 °C and different impregnation ratios were used.
The highest surface area reaches 1680 m2-g! with predominance of micropores (~75%). The carbons
were tested for the aqueous-phase adsorption of antipyrine. The kinetic curves and adsorption
isotherms fitted well to hyperbolic and Langmuir equations, respectively. At 20 °C, the saturation
adsorption capacity was 275 mg-g1. In this study, the adsorption capacity of the different synthesized
activated carbons seems to be basically determined by the surface area of the carbons, although some
deviations are observed probably provoked by the different amount of surface functionalities,
essentially oxygen bearing groups.

In a recent study, Chen et al. [195] reported the adsorption of carbamazepine from water on
activated carbons synthesized by means of chemical activation with KOH of pomelo peels. Kinetic
results fitted to pseudo-second-order kinetics and controlled by the intra-particle diffusion.
Equilibrium experimental point were well described by the Langmuir model isotherm. The
maximum carbamazepine adsorption capacity was 286.5 mg-g. The study concludes that both the
porous development and the amount of surface functional groups affect the adsorption. The
adsorption process was spontaneous and exothermic, and mainly of physisorption type. It was stated
that the adsorption mechanism of carbamazepine on the synthesized activated carbons was mainly
controlled by m—mt electron donor-acceptor interactions. To et al. [189] studied the adsorption the
antiepileptic carbamazepine and two -blockers, atenolol and acebutolol, on an activated carbon
synthesize from palm kernel shell by physically activation with carbon dioxide at 900 °C. The kinetic
tests suggested the adsorption proceeds predominantly by chemisorption mechanism (in contrast
with the observed by Chen et al. [195]) following the Ritchie-second-order kinetic model. The
equilibrium results were adjusted by the Sips equation with maximum adsorption capacities of 183.4,
225.4 and 170.1 mg-g™ for atenolol, acebutolol and carbamazepine, respectively. Torrellas et al. [196]
studied the batch and dynamic adsorption of caffeine, diclofenac and carbamazepine on activated
carbons obtained from peach stones by chemical activation with HsPOa. The carbons were submitted
to different thermal treatments in presence and absence of oxygen to understand the effect of surface
groups on the adsorption process. It was observed that the oxidation of the carbon surface decreased
very significantly the adsorption capacity as a consequence of the enhancement of the
hydrophobicity. The maximum carbamazepine adsorption capacity (355 mg-g?) was higher than
those of caffeine and diclofenac, probably as a consequence of its more hydrophobic character and
higher water solubility.
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Eragrostis plana Nees leaves were used as precursor for synthesizing an activated carbon by using
microwave-assisted pyrolysis and chemical activation with ZnClz [197]. The synthesized activated
carbon was devoted to the adsorption of caffeine and 2-nitrophenol from water. The activation
yielded a predominantly mesoporous carbon with a high surface area value of 1250 m?g*. FTIR
analysis suggested the existence of carboxylic, carbonyl and hydroxyl functional groups on the
carbon surface, whereas Boehm tritation revealed a high amount of acid moieties. The highest
adsorption capacities of caffeine and 2-nitrophenol adsorbed at 25 °C were 235.5 and 255.8 mg g7,
respectively. Recently, Beltrame et al. [198] analyzed the preparation of activated carbon fibers by
HsPOs-activation of pineapple plant leaves for the adsorption of caffeine from water. The activated
fiber showed a surface area of 1031 m2-g! with a high amount of acidic-surface groups from the HsPOx4
activation process [212,213]. According to thermodynamics, the adsorption is of physisorption
nature, exothermic and spontaneous. Sarici-Ozdemir and Onal [199] analyzed the adsorption of
caffeine in active carbons prepared from polymer waste from the textile industry by KOH chemical
activation at different impregnation ratios. The highest pours development was obtained at the
highest impregnation ratio analyzed, 5:1, resulting an activated carbon with a very high surface area
(1889 m?g1) although an extremely low activation yield (3.9%). The work reported a maximum
caffeine adsorption capacity on this carbon of 351.0 mg-g.

The adsorption of pesticides has also received attention in the literature. Lupul et al. [200]
reported the adsorption of atrazine on hemp stem-based activated carbons with different surface
modification. The activated carbons were synthesized by chemical activation with KOH and their
surface chemistry was subsequently modified by thermal annealing, nitric acid oxidation and
amination. By these procedures, the authors achieve different carbon adsorbents with very similar
porous structure but different surface chemistry. It was concluded that the oxygen and nitrogen
functionalities decreased the amount of antipyrine adsorbed. The hydrophobicity of the carbon
surface enhanced the adsorption that seems to proceed through m—mt dispersive interactions between
the atrazine ring and the graphene layers of carbon. Equilibrium results were well fitted by Langmuir
and Freundlich-Langmuir isotherms, whereas kinetic data followed intraparticle diffusion
mechanism with a noticeable influence of film diffusion. Chang et al. [201] also analyzed the
adsorption of atrazine on activated carbons obtained by KOH-activation of sugarcane bagasse. The
authors analyzed the effect of pH and temperature on the atrazine adsorption capacities and
concluded that pH modification shows very little effect in the adsorption capacity, while the increase
of the adsorption temperature results in a slight lower adsorption capacity of atrazine. Chaparadza
and Hossenlopp [202] analyzed the kinetics and thermodynamics of atrazine adsorption on an
activated carbon synthesized by HsPOs activation using banana peels. In contrast with the reported
by Chang et al. [201], in this study there was an optimum pH for atrazine adsorption between 7.0 and
8.2 and the amount of atrazine adsorbed increased with the adsorption temperature in the range
analyzed (25-60 °C). Equilibrium results followed Langmuir and Redlich-Peterson models, while
kinetics seemed to be controlled by both external mass transfer and intraparticle diffusion
mechanisms. The enthalpy of atrazine adsorption was estimated to be 67.8 k]-mol* with a Gibbs free
energy of -5.7 k]-mol'. Nourouzi et al. [203] analyzed the adsorption of glyphosate on activated
carbon from waste newspaper. The activated carbon was obtained by a modified KOH-activation
process, resulting in a relatively low porosity carbon with a total surface area equal to 535 m2-g-1. The
amount adsorbed decreased very significantly with the pH, with a maximum adsorption capacity of
glyphosate of 48.4 mg-g'. The adsorption of the herbicide bentazon [101] and the insecticide
carbofuran [204] on activated carbon obtained from palm oil fronds by means of a physico-chemical
activation method, which consisted of a simultaneous activation with KOH and CO:2 gasification. The
maximum surface area obtained was 1237 m?.g'. The adsorption of carbofuran fitted well to
Langmuir model isotherm. The regeneration of the spent activated carbon was also analyzed with
good results. Al Bahri et al. [205] synthesized activated carbons from grape seeds by chemical
activation with phosphoric acid devoted to the adsorption of diuron from water. This study analyzed
the effect of the activation temperature and impregnation ratio on the porous development of the
resulting activated carbons. The best results in terms of surface area and mesopore volume
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development were obtained using an impregnation ratio of 3:1 and a carbonization temperature of
500 °C. Among the different kinetic model analyzed, the pseudo-second-order described better the
experimental results.

The removal of plasticizers is also under study using activated carbons from various sources. So
for example, Bouhamidi et al. [206] analyzed the adsorption of diethyl and dibutyl phthalates on an
activated carbon obtained from Albizzia julibrissin pods by HsPOs chemical activation. Equilibrium
results were best fitted by Langmuir models with maximum adsorption capacities at 20 °C equal to
977 and 438 mg-g" for dibutyl and diethyl phthalate, respectively. Kinetic data followed well a
pseudo-second-order model, whereas adsorption seemed to proceed by a liquid film diffusion
mechanism. The adsorption of the two phthalates followed the same trend attended although with
higher adsorption capacities for the butyl than for the ethyl phthalate. Wang and Chen [207] reported
the adsorption of dibutyl phthalate from aqueous solution using ginkgo leaves-activated carbon by
chemical activation with zinc chloride. Equilibrium data were well described by Freundlich isotherm
model, whereas kinetic data fitted well to the pseudo-second-order model. The experimental
maximum adsorption capacity of dibutyl phthalate was 48.7 mg-g* at pH 13, while the monolayer
adsorption capacity quantified by the Langmuir isotherm was 129.9 mg-g?. According to a
thermodynamic analysis, the adsorption was thermodynamically feasible and spontaneous. Fang
and Huang [208] studied the adsorption of di-N-butyl phthalate on a commercial nutshell-derived
activated carbon with a maximum adsorption capacity of 104.7 mg-g at 45 °C and pH between 5 and
7. Adsorption isotherms correlate well with the Freundlich model, specially at lower initial
concentrations of di-N-butyl phthalate. Kinetic data at different adsorption conditions followed a
pseudo-first-order model. The adsorption rate was controlled by both film and pore diffusion. The
authors observed an increase of the adsorption capacity with the adsorption temperature. A
thermodynamic study revealed that the adsorption process was endothermic and spontaneous.

Jung et al [214] analyzed the adsorption of several endocrine disrupting compounds
(bisphenolA, atrazine and 17 p-ethinylestradiol) and pharmaceuticals (sulfamethoxazole,
carbamazepine, diclofenac and ibuprofen) on activated biochars (more properly, activated carbons).
The adsorbents were synthesized by chemical activation with NaOH of loblolly pine chips under
oxygenated and oxygen-free conditions. The carbon synthesized under oxidizing conditions was
composed mostly of aromatic moieties, with lower H/C and O/C ratios than the prepared in the
absence of oxygen, which showed many polar functional groups. The higher development of porosity
of the carbon obtained in free-oxygen environment resulted in higher adsorption capacity for all the
compounds analyzed.

7. Conclusion and outlooks

The presence of emerging contaminants in water will be very likely a problem of growing
importance in the years to come. Therefore, the search for new technologies or the development of
the existing ones is of crucial to assure a safe and continuous water supply. In addition, due to the
resources and energy shortage, these processes and technologies analyzed must be economically and
environmentally sustainable. In this context, the current review highlights the enormous potential of
biomass waste to be used as precursors for the synthesis of biochars or activated carbons for the
adsorption of emerging contaminants. The benefits of this approach include the use and valorization
of the biomass resources or the efficient purification of contaminated water, all framed within an
environmentally friendly process at a relatively low cost. This review summarizes the abundant
opportunities dealing with the reuse of waste for the manufacture of adsorbents and their application
in water purification. To go further in this field, researchers have to find ways of implementing these
adsorbents at industrial scale. Therefore, the fundamental understanding of the adsorbent properties
and the adsorption mechanism will help in the exploration of process scale-up.
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