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Abstract

Contaminants in water bodies cause potential health risks for humans and great environmental threats.
Therefore, the development and exploration of low-cost, promising adsorbents to remove
contaminants from water resources as a sustainable option is one focus of the scientific community.
Here, we conducted a critical review regarding the application of pristine and modified/treated
biosorbents derived from leaves for the removal of various contaminants. These include potentially
toxic cationic and oxyanionic metal ions, radioactive metal ions, rare earth elements, organic cationic
and anionic dyes, phosphate, ammonium, and fluoride from water media. Similar to lignocellulose-
based biosorbents, leaf-based biosorbents exhibit a low specific surface area and total pore volume
but have abundant surface functional groups, high concentrations of light metals, and a high net
surface charge density. The maximum adsorption capacity of biosorbents strongly depends on the
operation conditions, experiment types, and adsorbate nature. The absorption mechanism of
contaminants onto biosorbents is complex; therefore, typical experiments used to identify the primary
mechanism of the adsorption of contaminants onto biosorbents were thoroughly discussed. It was
concluded that byproduct leaves are renewable, biodegradable, and promising biosorbents which
have the potential to be used as a low-cost green alternative to commercial activated carbon for

effective removal of various contaminants from the water environment in the real-scale plants.

Keywords: Leaf; biosorbent; biosorption; adsorption mechanism; water treatment; critical review.
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1. Introduction

The increasingly uncontrolled discharge of contaminated effluents from various industrial
activities has adversely affected the quality of water resources. Numerous alternative water treatment
techniques, such as membrane filtration, chemical oxidation, precipitation, coagulation, and
biological treatments, have been applied to remove hazardous chemicals from wastewater

(Tchobanoglous and Angelakis, 1996). Although these methods could be applied to remove

contaminants in the water bodies or wastewater, the operation cost and removal efficiency are the
crucial factors to determine the selected method. Precipitation is a low-cost method, but it is only
used for high concentrations of contaminants. lon exchange resins and membrane filtration with high
removal of contaminants are the expensive technologies. They are seldom used in wastewater
treatment. The biological treatment often focuses on the biodegradable contaminants. Among current
advanced technologies, adsorption is considered to be the most favorable alternative method for the

removal of a variety of contaminants from polluted water resources (Abdolali et al., 2014; De Gisi et

al., 2016). The advantages for the removal of contaminants from water bodies or wastewater by
renewable leaf-derived biosorbents include a high removal efficiency for the contaminants at low
concentrations, simplicity of design, cost effectiveness, and minimal generation of secondary

byproducts such as sludge (Ali and Gupta, 2007; Fomina and Gadd, 2014).

In water purification, activated carbon (AC) has been proven to be an excellent adsorbent that
can remove a great variety of toxins from contaminated water due to its highly developed porosity,

large surface area, and high total pore volume (Giannakoudakis et al., 2016; Wong et al., 2018; Yagub

et al., 2012). However, expensive production and regeneration costs restrict the application of AC in

larger-scale industries and developing countries (Vu et al., 2018). The total adsorbent preparation cost

of aluminate-treated Casuarina equisetifolia leaves is US$48/t (Khan Rao and Khatoon, 2017), which

is remarkably lower than that of available commercial AC (US$400-1500/t). Unlike carbonaceous
materials (i.e., AC and biochar), biosorbents are low energy-consuming materials (Section 2.1)
because they do not require a further pyrolysis process at high temperature (often >700 °C for AC or
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>300 °C for biochar). Furthermore, AC is highly carbonaceous porous material and has few functional
groups on its surface; consequently, it has a very low ability to absorb charged chemicals such as

heavy metals (Huang et al., 2014). Notably, several researchers found that biosorbents exhibit a higher

adsorption capacity than AC under the same operation conditions (Amarasinghe and Williams, 2007,

Aoyama et al., 2000a). In fact, Aoyama et al. (2000a) compared the removal efficiency of harmful

metal cations from dilute solution by biosorbents obtained from the leaves of 34 conifer species with
that of three different types of commercial ACs. They reported a removal efficiency of Cr(IIl) by
leaves ranging from to 60% to 97%, while the corresponding values for commercial ACs are between
24% and 52%.

The literature survey indicates that many authors reviewed the use of various adsorbents
derived from various feedstock resources for the removal of diverse contaminants from water media.
Such alternative adsorbents include agricultural byproducts (i.e., banana, coffee, eggshell, and
coconut wastes), industrial wastes (i.e., fly ash, sludge and slag, red mud, black liquor lignin, and
waste slurry), activated carbon, biochar, bentonite, montmorillonite, zeolites, layered double

hydroxides, iron oxide nanomaterials, and geopolymers (Abdolali et al., 2014; De Gisi et al., 2016;

Neris et al., 2019; Siyal et al., 2018; Wong et al., 2018). Among the existing lignocellulosic materials-

derived biosorbent, the plant-derived biomass has been acknowledged as a promising biosorbent to
remove various contaminants from water environment. Notably, some researchers found that in the
same experimental operation conditions, the biosorbent prepared from tree’s leaves often exhibited a

higher adsorption capacity than the biosorbent originated from its barks (Arshad et al., 2008),

branches (Al-Masri et al., 2010), stems (Liu et al., 2010a; Prasad and Freitas, 2000), and roofs (Prasad

and Freitas, 2000). The leaves are selected as target adsorbents in this study because (1) most

abundant research data among them are present in literature, (2) other plant parts have significantly
different characteristics from leaves—elemental composition, surface area, and adsorption
performance—which may cause diverse results and intensify the confusion, and (3) the leaf biomass

can be easily collected, consequently used, and economically advanced.



Here, we collected information from previous scientific papers (approximately 295 relevant
original papers and review articles, mainly published from 1994 to 2018) on applying leaves
(approximately 240 types of leaves) as green biosorbents for the removal of diverse pollutants from
water environments (Figure S1). The biosorbent properties play a paramount role in estimating the
adsorption capacity of these contaminants and proposing the primary adsorption mechanism. Thus,
in Section 2, we summarize principal and relevant properties of leaves, such as textural,
physicochemical, thermal, and crystal properties, especially the surface chemistry. We also clarify the
effects of prevailing operational conditions on adsorption processes in batch and column experiments
(see Figure 1; Sections 3 and 4). The potential application of biosorbents in wastewater is discussed
in Section 5. Several problems regarding the direct use of biosorbents for water treatment are
mentioned in Section 6. Importantly, the adsorption mechanism plays an integral role in elucidating
the corresponding interactions between contaminant and biosorbent. Therefore, we focus on
summarizing common techniques/experiments in Section 7 to identify adsorption mechanism

pathways. Lastly, we provide a critical analysis and discussion, which are integral to this study.
2, Preparation and characterization of leaf-derived biosorbents

2.1. Preparation of leaf-derived biosorbents

Leaf-derived biosorbents are composed mainly of molecules of organic origin, such as,

cellulose, lignin, hemicellulose, pectin and extractive compounds (Liu et al., 2010c). From one side,

this is an interesting characteristic, since these organic compounds contain a series of functional
groups which can act as active sites for biosorption. On the other side, the structure and functionality
of these organic molecules can be easily damaged by the temperature, pH, air humidity, oxygen, and

others (Escudero et al., 2018). Because of this, a detailed preparation of the leaf-derived biosorbents

is fundamental. Figure 1 indicates the leaf can be synthesized adsorbents through various processes.
In recent studies, the leaf-derived biosorbents were widely applied in the batch and column

experiments of adsorption. Furthermore, the important parameters, which have a strong effect on the



adsorption process, are also represented in Figure 1.
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Figure 1. Preparation of the biosorbent for several typical adsorption batch and column experiments

In general, the leaf-derived biosorbents are prepared by consecutive steps as follows (Dotto et

al., 2017; Dotto et al., 2015): (1) firstly, the raw material is thoroughly washed with deionized or

distilled water to remove any adhering dirt and water-soluble impurities; (2) the material is then dried
under controlled temperature and time. Drying operation should guarantee that the moisture content
remains below to the monolayer, in order to avoid the physicochemical or microbiological
degradation of the material. Normally the air-drying temperature is around 40—60 °C to avoid thermal
degradation; and (3) finally the material is ground to attain a specific particle size. In cases where the
biosorbent is composed by extractive molecules, the material is extracted with solvents, such as n-

hexane and ethanol (Chao et al., 2014; Chao and Chen, 2012), chloroform and methanol (Chao et al.

2014; Chao and Chen, 2012), and hexane (Immich et al., 2009). This operation aims the removal of

the extractive compound from the solid matrix, to avoid its released during the biosorption operation
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(Georgin et al., 2018). After these preparation steps, the biosorbent material can be stored in tightly

closed bottles or plastic bags for several months, or even years, and their physicochemical

characteristics are unchanged.
2.2, Textural properties

Several methods to determine the specific surface area of solid materials are described in

literature. The specific surface area of spent tea leaves was determined in Agarry et al. (2013) using

the methylene blue adsorption method. They reported that the surface area of tea leaves is

approximately 175 m?/g. The sample method was applied in Kahina and Nasser (2017) and Baruah
et al. (2017) to determine the specific surface areas of globe artichoke and bael leaves; surface areas
of 723 and 110 m?/g, respectively, were reported. Clearly, the specific surface areas of tea, globe
artichoke, and bael leaves determined by the methylene blue adsorption method are much higher than
that of other leaf-derived biosorbents obtained by using the nitrogen adsorption/desorption isotherm.
Table S1 indicates the specific surface area (Sger) ranged from 0.08 to 67.0 m?/g for agriculture
products or wastes in literatures. The different synthesis processes and the unique properties of leaves

might lead to a high diversity in the Sger value.

In a recent study, Tran (2017) suggested that the specific surface area of an adsorbent can be
determined by the nitrogen adsorption/desorption isotherm but that it is impractical to analyze it using
methylene blue or iodine adsorption methods. A typical nitrogen adsorption/desorption isotherm of
arborvitae leave-developed biosorbent is presented in Figure S2. Based on Tran et al. (2017a), the

Sser of a solid material can be calculated with the Brunauer—Emmett—Teller method (Section S1).

Essentially, Sger is one of the characteristics that affect the maximum adsorption capacity of
an adsorbent toward certain contaminants. Generally, any adsorbent with a large specific surface area
is supposed to exhibit a superb adsorption capacity. Similar to other types of biosorbents, leaf-derived
biosorbents can be classified as nonporous materials because of their poor textural properties. In fact,

the Sper and Vi of leave-originated biosorbents range from 0.08 to 67 m*/g and 0.001 to 0.11 cm?®/g,



respectively (see Table S1). Meanwhile, other types of biosorbents, such as peanut shell (1.8 m*/g

and 0.003 cm?/g), sawdust (1.6 m?*/g and 0.004 cm>®/g) (Ahmad et al., 2017), golden shower pod (5.7

m?/g and 0.0099 cm?/g), coconut shell (3.2 m?/g and 0.0041 cm?/g), orange peel (2.1 m?/g and 0.0042

cm?/g) (Tran et al., 2017¢), cantaloupe peel (5.2 m?/g and 0.0049 cm?/g), pine cone (4.6 m?/g and

0.0042 cm?/g), litchi fruit peel (5.2 m?/g and 0.0041 cm?/g), annona squamosal peel (4.3 m?/g and
0.0032 cm?/g), sugarcane bagasse (7.9 m*/g and 0.0056 cm?®/g), and bamboo shoot (2.6 m*/g and

0.0019 cm?/g) (Tran and Chao, 2018b), have lower Sper and Vietal values. Moreover, Figure S3a shows

the morphology of a typical leaves-based biosorbent before adsorption. The SEM image also

indicated the non-porous structure of the biosorbent.

Furthermore, Pandey et al. (2015) reported that the porosity of Kush grass and bamboo leaves
only accounts for 0.11% and 0.15%, respectively. Therefore, the role of the pore filling mechanism
in the biosorption process of contaminants in aqueous media is negligible. In this case, the available
presence of active functional groups (hydroxyl, carboxylic, and amino), alkaline earth metals (Ca and
Mg), and alkali metals (K and Na) on the biosorbent surface will play a major role in adsorbing

adsorbate ions in solution.
2.3. Physical and chemical properties

Table 1 summarizes the major polysaccharide constituents including cellulose hemicellulose
and lignin of leaf-based materials. Clearly, polymer carbohydrates (cellulose and hemicellulose) and
lignin are the most abundant components of such materials. These constituents possibly contain polar
surface functional groups, for instance alcohols, aldehydes, ketones, carboxyl, phenol, and ether (Liu

et al., 2010c). Notably, the percentage of such constituents varies depending on the unique properties

of each leaf type (Table 1).

Table 1. Polysaccharide components (%) of leaf-based materials

Leaves Cellulose Hemicellulose Lignin Reference




Southern cattail 34.1 31.2 4.16 Abdel-Ghani et al., 2009

Roxburgh fig 35.6 18.8 9.96 Rangabhashiyam et al.,
2015
Pineapple 66.2 19.5 4.20 Daud et al., 2014
Oriental plane 325 19.7 30.1 Lietal., 2017
Pineapple 36.3 22.9 27.5 Santos et al., 2013
Oil palm 44.5 3.17 — Setiabudi et al., 2016
Bamboo 18.6 16.5 12.3 Pengetal., 2013
Tea 37.0 — 14.7 Bajpai and Jain, 2012
Sakura 16.6 10.4 18.3 Wenfang et al., 2015
Maguey 80 5 15 Hamissa et al., 2010
Esparto grass 453 23.7 23.9 Lafietal., 2015
Average 40.6 17.1 16.0 —
Standard deviation 18.6 8.67 9.01 —
Minimum 16.6 3.17 4.16 —
Maximum 80.0 31.2 30.1 —
Median 36.3 19.2 14.9 —

The element composites of leaf-derived adsorbents can be analyzed by energy-dispersive X-
ray spectroscopy (EDS; Figure S3b) or other instruments. The contents of carbon (C) and oxygen (O)
can affect the functional groups on the surface of adsorbent. Alkaline earth (Ca and Mg) and alkali
(K and Na) metals on the biosorption surface play an essential role in adsorbing potentially toxic

metals through ion exchange mechanisms (Figures S3b—c) (Wan Ngah and Hanafiah, 2008).

Figure 2 and Table S2 demonstrate that carbon and oxygen are the primary elements of leaf

composites. The leaf-generated biosorbent exhibits high oxygen content (31.4-64.1%), suggesting
10



that the biosorbent has many oxygen-containing functional groups on its surface (i.e., carboxylic and
phenolic groups). Furthermore, the leaf-produced biosorbent has higher atomic oxygen/carbon (0.4—
1.81) and hydrogen/carbon (1.2-2.8) ratios because of the presence of organic plant residues (i.e.,

main hemicellulose, cellulose, and lignin).

The proximate analysis (Figure 2 and Table S2) shows that leaf-derived biosorbent (average
+ SD) has low moisture (5.9+2.7%), total ash (11.5+6.8%; water-soluble substances), and fixed
carbon (20.3+20.3%) contents but a high volatile content (60.4+20.6%). A low moisture contents is
because the biosorbent has been dried during the preparation process (see Section 2.1). In contrast,
high volatility is evident because cellulose, hemicellulose, and lignin are present in large amounts.
Moreover, the average pH value and density of the leaf-based absorbent are 6.12+0.87 (n = 16) and
0.33+0.17 g/cm?® (n = 9), respectively (Table S4). Accordioning to Figure 2, it can be concluded that
proximate analysis and ultimate analysis possess the high bias. Moreover, surface chemistry becomes

the important factors to determine the adsorption capacities of contaminants.
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Figure 2. Ultimate and proximate analyses (wt.%) of leaf-based biosorbents (Data taken from

Tables S2—S3)
2.4. Surface chemistry

The presence of the main functional groups on the external surface of the biosorbent can be
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qualitatively evaluated by Fourier transform infrared spectroscopy (FTIR) or X-ray photoelectron
spectroscopy (XPS). As mentioned above, leaves are considered to be lignocellulosic biomass-
rich material (Table 1). Consequently, they exhibit surface functional properties that resemble that of
other waste substances (i.e., coconut shell, pistachio nut shell, and orange peel). A typical FTIR
spectrum of a leaf-based biosorbent is shown in Figure S4a and the spectroscopic assignment of the
functional groups is provided in Figure S4b. Similarly, the surface chemistry properties of leaf-based
biosorbent can be analyzed by XPS (Figures S4c—d). The leaf-derived biosorbent exhibits abundant
oxygen functional groups on its surface, similar to other biosorbents (i.e., orange peel, golden shower

pod, coconut shell) (Tran et al., 2017¢).

Unlike the FTIR and XPS techniques, conductometric (Boehm) or potentiometric titration can
be used to obtain quantitative information on the oxygen-containing functionality (acid and basic
groups) of the biosorbent surface. The standardization of the Boehm titration has been investigated
by Goertzen et al. (2010). Several researchers found that the results obtained by the two methods

differ insignificantly (Fourest and Volesky, 1995; Komy et al., 2006). Although acidic groups (i.e.,

carboxylic and phenolic) attached to the biosorbent surface have been acknowledged as active groups
when adsorbing various contaminants in solution onto biosorbent, quantitative information on such
functionality is scarce in the literature. Table S5 shows pristine biosorbent derived from leaves
exhibits a concentration of total acid groups (1.5—6.2 mmol/g) similar to that from agricultural waste-
derived biosorbents (e.g., 8.7 mmol/g for golden shower pod, 6.9 mmol/g for orange peel, and 4.21

mmol/g for coconut shell) (Tran et al., 2017c). The relatively higher acid groups facilitate the

adsorption of cationic contaminants.

The surface electrostatic state of any adsorbent in aqueous phase is typically characterized by
the point of zero charge (PZC) or the isoelectric point (IEP). The difference between them has been

discussed by many scholars and summarized in the recent review work (Tran et al., 2017b). Figure

SS shows the point of zero charge of leaf-based biomaterials. The pHpzc is defined as the pH value at

which the net surface charge density (external and internal) of the adsorbent equals zero (Figures
12



S5a-b). In contrast, the pH value at which the electrokinetic ({) potential at the shear plane equals
zero is defined as pHiep (Figures S5¢—d). The surface charge of adsorbent is negative when the
solution pH approximates 7.0. The result favors cationic ion adsorption in solution. Table Sé6
summarizes the pHpzc and pHiep of leaf-based biosorbents, and Table S7 lists the { potential of several
biosorbents at a given pHsowtion. Essentially, any adsorbent often is amphoteric. Almost all pHpzc
values of the observed biosorbents are lower than 7.0, suggesting that the total amount of acidic

groups on the biosorbent surface will dominate.

2.5. Crystal structure and thermal stability

The crystallinities of leaf biomass can be determined by X-ray diffraction (XRD). As
represented in Figure S6, two reflections at approximately 15° and 22° are characteristic for

crystalline cellulose material (Khan Rao and Khatoon, 2017; Wang et al., 2016). Cellulose in the leaf

biomass has a parallel alignment and crystalline structure, which is the consequence of hydrogen
bonds and van der Waals interactions between adjacent molecules, while lignin and hemicellulose are

amorphous (Percival and Lynd, 2004; Tran et al., 2018).

The thermal stability of the adsorbent was evaluated by thermogravimetric analysis (TGA).
Figure S7b shows thermal decomposition peaks at approximately 330 °C and 450 °C that can be
assigned to the thermal degradation of cellulose and lignin, which is in good agreement with

observations of some researchers (Tran et al., 2017c; Tongpoothorn et al., 2011; Lafi et al., 2015).

Notably, lignin component is more difficult to decompose because it contains the full of aromatic
rings with various branches. Therefore, the degradation of lignin often occurs within a wide

temperature range (between 160 °C and 900 °C) (Yang et al., 2007). The endpoint temperature of the

leaf-based biosorbent is approximately 500 °C (Figure S7), suggesting that complete carbonization

of the biosorbent requires a minimum temperature of 500 °C.
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3. Batch experiment

3.1. Effect of the solution pH

The pH of a certain solution is the most important parameter in adsorption analysis because it
has a strong effect on the charge of the adsorbent surface (Figure S5) and speciation of the adsorbate
(Figure S8). Figure 3 shows that the biosorption process strongly depends on the solution pH value.
Generally, the adsorption capacity of the biosorbent with respect to cationic adsorbates usually
increases when the pHsowtion value increases. The surface charge of the biosorbent becomes more
negative when the pHsowtion value increases (Figure S5). Therefore, the electrostatic attraction
between the negatively charged surface of the biosorbent and adsorbate cations in solution is also
simulated. Another possible reason is a decrease in the adsorption competition between adsorbates
(i.e., Cd*) and H" ions for active adsorption sites (i.e., —COO") on the surface of the biosorbent.

This can be confirmed by the experimental conditions of the adsorption isotherm (Tables S8—S9).
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Figure 3. Effect of the pH solution on the adsorption process on (a) potentially toxic metal cations onto Fraxinus

excelsior tree leaf-biosorbent (Sangi et al., 2008) [License number: 4435910682650], (b) fluoride onto Azadirachta

indica tree leaf-biosorbent (Bharali and Bhattacharyya, 2015; Sangi et al., 2008) [License number: 4440010650238],

(¢c) ammonium onto Parthenocissus tricuspidata tree leaf-biosorbent (Liu et al., 2010b) [License number:

4435910810287], (d) cationic dyes onto Saraca asoca tree leaf-biosorbent (Gupta et al., 2012) [License number:

4435910987708], (e) hexavalent chromium onto Melaleuca diosmifolia tree leaf-biosorbent (Kuppusamy et al.,

2016) [License number: 4435911095229], (f) acid violet 17 dye onto activated Ficus racemosa tree leaf-adsorbent

(Jain and Gogate, 2017b), [License number: 4435911196015] (g) arsenic onto Psidium guajava leaf tree leaf-

biosorbent (Kamsonlian et al., 2012) [License number: 4435940299690], and (h) mercury onto pristine and

modified bamboo leaf tree leaf-biosorbents (Mondal et al., 2013) [License number: 4435920032442]
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In contrast, the biosorbent adequately adsorbs adsorbate anions such as chromate or
dichromate at a low pHsolution value (Figure 3) because the biosorbent exhibits a positively charged
surface at a low pHsoution value, which results in the protonation of hydroxyl groups (i.e., —COOH;"
or —OH>"). The biosorbent has a high affinity to contaminant anions in the solution during
electrostatic attraction. This hypothesis is consistent with the literature. Some authors emphasized
that the adsorption of hexavalent chromium onto leaf-based biosorbents reaches the optimal

adsorption efficiency at a pHsomtion 0of 2.0 (Ahmad et al., 2017; Babu and Gupta, 2008; Nag et al.,

2016; Nakkeeran et al., 2016; Rangabhashiyam et al., 2015; Saha and Saha, 2014; Wenfang et al.,

2015). A similar optimal pHsowtion Was found for the adsorption of acid violet 17 dye onto activated

cluster fig tree leaves (Jain and Gogate, 2017b), acid blue 25 dye onto NaOH-treated cluster fig leaves

(Jain and Gogate, 2017c) and neem leaves (Sarma et al., 2011), acid orange 52 onto princess-tree

leaves (Deniz and Saygideger, 2010), acid green 25 onto NaOH-treated almond leaves (Jain and

Gogate, 2018), two anionic dyes (Sumfixe Supra red and Alpacelle Lumiere brown) onto maguey

leaves (Hamissa et al., 2007), Eosin dye (a fluorescent red dye) onto Eucalyptus tree leaves (Rostami

and Niazi, 2013), Rhodamine B onto neem leaves (Sarma et al., 2008), methyl orange onto pristine

and modified pineapple leaves (Kamaru et al., 2016), and Pd(II) and Pt(IV) onto tropical almond

leaves (Ramakul et al., 2012).

However, other investigators emphasized the negligible effect of the pHsowtion on the
adsorption efficiency at a given pHsowtion. Namely, Zaidi et al. (2018) recognized that the adsorption
of cationic methyl violet 2B dye onto pristine and NaOH-treated terap leaves is insignificantly
depends on the pHsolution, between pH 3.0 and 10. Similar observations were made for the adsorption

of hexavalent chromium onto NaOH-treated false ashoka leaves (Anwar et al., 2011); As(III) and

As(V) onto guava leaves (Kamsonlian et al., 2012); cationic methyl violet 2B dye onto pristine and

treated terap leaves (Lim et al., 2016); malachite green dye onto Glossogyne tenuifolia leaves (Yang

and Hong, 2018); and methylene blue onto citric acid-treated lawn grass (Chen et al., 2011), activated

carbon prepared from Neptune grass (Dural et al., 2011), and pineapple leaves (Kamaru et al., 2016).
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3.2. Effect of the ionic strength

Similar to the solution pH, the adsorption capacity of biosorbents is adversely affected by the
addition of a salt (Table S10) such as NaNOs3, NaClO4, CaCl,, NaCl, Na;SO4, KNO3, (NH4)2SOs4,
NaHCOs3, and Ca(NOs3)>. Among these, NaCl is the most common salt used for the investigation of
the effect of the ionic strength on biosorption. Generally, the presence of salt causes a profound
decline in the removal efficiency of both anionic and cationic contaminants from aqueous solutions.
Figure S9 shows a typical example of the impact of the ionic strength on the biosorption of various

potentially toxic metals onto Ulmus carpinifolia leaves (Sangi et al., 2008). Many scholars also

documented a similar decrease in the adsorption capacity of leaf-based biosorbents towards

potentially toxic metals, which is caused by the presence of inorganic salts (Al-Haidary et al., 2011;

Ngah and Hanafiah, 2008; Rao et al., 2011a;2010b; Srinivasa Rao et al.. 2010; Weng and Wu, 2012;

Zhang et al., 2015). However, the ion strength is difficultly controlled in the realistic wastewater

treatment. The ion strength is only regarded as a reference.

Furthermore, the adsorption process of cationic and anionic dyes is also examined due to the
presence of a specific salt. In fact, many researchers concluded that the addition of salt results in a
significant decrease of the adsorption efficiency of leaf-based biosorbents toward methylene green

(Han et al., 2014; Kushwabha et al., 2014), malachite green (Han et al., 2014), methylene blue (Ansari

et al., 2016; Han et al., 2007; Han et al., 2011; Kushwaha et al., 2014; Yagub et al., 2012), basic red

46 (Wahab et al., 2012), acid blue 113 (Jain and Gogate, 2017a), and toluidine blue and crystal violet

(Lafietal., 2015).

The deceased adsorption ability of adsorbent due to an increase in the inorganic salt
concentration is possibly attributed to a screening effect (known as electrostatic screening) between
the positively charged biosorbent surface and cationic pollutants. When the adsorbent is added to the
adsorbate solution, the latter will be surrounded by an electrical double layer (EDL; Section S2).

Nevertheless, the EDL can be significantly expanded by the presence of a certain electrolyte agent
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(Krishnan and Anirudhan, 2003; Ngah and Hanafiah, 2008; Wang et al., 2007; Weng et al., 2009).

This expansion prevents adsorbent particles and adsorbate ions from being very close to each other,
which causes a remarkable electrostatic attraction. As a consequence, the adsorption capacity of the
adsorbent to adsorbate will decrease. For example, Weng et al. (2009) pointed out that an increase in
the NaNOs3 concentration causes a remarkable decrease in the EDL thickness (Figure S10) and an
increase in the amount of indifferent ions approaching the surface of the biosorbent. This outcome
demonstrates the increasing competition between cationic methylene blue dye molecules and Na*

ions for available adsorbing sites on the biosorbent surface when the salt concentration increases.

However, some authors suggested that the biosorption phenomenon is insignificantly

impacted by the addition of salt (Chen et al., 2010; Lim et al., 2016). For example, Chen et al. (2010)

used camphor leaves to remove Cu(Il) from aqueous media. They concluded that the adsorption
efficiency of leaves only slightly decreases (by 7%) in the presence of external electrolytes, even at

high salt concentrations up to 0.5M NaCl.
3.3. Adsorption kinetics

Generally, the effect of contact time plays an important role in determining the (1) true
equilibrium, (2) adsorption rate, and (3) activation energy of the adsorption process. The equilibrium
time and adsorption rate strongly depend on the biosorbent properties, adsorbate nature, and
especially in the operation conditions—the initial adsorbate concentration, solution temperature,

solution pH, particle size of biosorbent, coexisting ions, ionic strength, and shaking speed.

Unlike porous adsorbents (i.e., spherical and non-spherical activated carbon and biochar,
zeolite, and macroreticular resin), the adsorption of contaminants onto nonporous biosorbents often
takes less time to reach true equilibrium because the adsorption phenomenon mainly occurs on the
biosorbent surface. For example, King et al. (2007; 2008) reported that the biosorption of Pb*" and
Zn*" ions on jambolan leaves reaches an equilibrium within 10 min of contact, which agrees with the

conclusions of other scholars (Tables S9-S10). Moreover, Amarasinghe and Williams (2007)
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compared the adsorption rate of potentially toxic metals onto tea leave waste and granular activated
carbon. They concluded that the rate constant (k2; g/mg x min) of the pseudo-second-order equation
of tea leaves (0.0091 and 0.0133) to Pb(II) and Cu(Il) is significantly higher than that of granular AC
(0.0064 and 0.0020, respectively). This means that, under the same operation conditions, the metal

ion removal by leaf-based biosorbents occurs faster than that by AC.

When the adsorption process reaches a real equilibrium, specific adsorption kinetic models
can possibly be applied to determine relative adsorption parameters. Common models that are
extensively used in adsorption studies are the pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion equations. The true derivation and accurate application of such models in the
field of adsorption science and technology have been discussed by Tran et al. (2017b). Generally,
most studies revealed that the pseudo-second-order model (Equation 9) can adequately describe all
experimental kinetics data in an adsorption batch experiment. In this case, the adsorption rate constant
(k2; g/mg x min) is useful to describe the adsorption process. A higher k> value corresponds to an
adsorption process that reaches saturation faster. The effects of typical operation conditions on the
adsorption rate constant are presented in Figure 4; the values in parentheses represent the amount of
adsorbate adsorbed onto biosorbents in equilibrium (ge; mg/g), which was calculated using the
pseudo-second-order equation (Section S3). As showed in Figure 4, the adsorption rate constants are
proportional to solid/liquid ratio and stirring speed, and inversely proportional to initial adsorbate
concentration, ionic strength, and adsorbent’s particle size. Especially in temperature, whether or not
the adsorption rate constant increases with the increasing temperature. The adsorption mechanism is

an important factor to determine it.
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Figure 4. Effect of typical operation conditions on the rate constant (k2) of the pseudo-second-order

equation, such as (a) solid/liquid ratio [(Hamdaoui et al., 2008) for malachite green adsorption and

(Amirnia et al., 2016) for Cu(ll) adsorption]; (b) initial adsorbate metal concentration [(Kumar et al.

2006) for Zn(I1) adsorption and (Vilvanathan and Shanthakumar, 2016) for Co(lIl) adsorption]; (c) ionic

strength [(Weng and Wu, 2012) for Cu(Il) adsorption and (Hamdaoui et al., 2008) for malachite green

adsorption]; (d) temperature [(Zahedi et al., 2015) for Ni(Il) adsorption, (Qaiser et al., 2009) for Pb(1I)

adsorption, and (Guerrero-Coronilla et al., 2015) for amaranth dye adsorption]; (e) shaking speed

(Hamdaoui et al., 2008); and (f) adsorbent particle size (Guerrero-Coronilla et al., 2015)
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In most cases, the k> constant is applied to determine the activation energy (£a). The Ea of
the adsorption process (in kJ/mol) is defined as the minimum energy that must be overcome by the
adsorbate molecules and can be computed through the Arrhenius equation (Section S3). For example,
Weng and Wu (2012) applied pineapple leaf powder to absorb Cu(Il) ions in a water solution. They
reported a magnitude of Ea of the biosorption of 7.0 kJ/mol (Figure S11), which is similar to the E,

value (5.2 kJ/mol) of Cu(Il) biosorption onto peanut hull (Ali et al., 2016). The low E. magnitude

(typically <40 kJ/mol) suggests that the biosorption process was primarily physical adsorption.
Conversely, Lin et al. (2011) examined the removal behavior of Cu** ions by humic acid-immobilized
surfactant-modified zeolite, concluding that the adsorption process was chemisorption (£, = 63.1
kJ/mol). In addition, Boparai et al. (2011) claimed that the £, value of chemisorption of Cd(II) cations

onto nano-zero-valent iron particles is approximately 55 kJ/mol.

Some activation energy highlights are of concern here. Firstly, the value of the activation
energy is strongly dependent on the operation conditions, especially the initial adsorbate
concentration (Co; mg/L). For example, Ren et al. (2015) investigated crystal violet dye biosorption
from aqueous solution using the leaves of the phoenix tree at three solution temperatures (20, 30, and
40 °C). They discovered that the E, value of the biosorption process is 25.3 kJ/mol at 100 mg/L, 45.8
kJ/mol at 300 mg/L, and 37.7 kJ/mol at 400 mg/L. Similarly, Guerrero-Coronilla et al. (2015)
highlighted that the E. value of the biosorption process of amaranth dye onto water hyacinth leaves
at different solution temperatures (18, 28, 40, and 50 °C) increases if the C, value increases. They
reported that the E. values increases in the following order: 19.8 kJ/mol at C, of 50 mg/L < 23.5

kJ/mol at 100 mg/L < 34.8 kJ/mol at 200 mg/L.

Secondly, the activation energy strongly depends on the derivation of the rate constant. For
example, Agarry et al. (2013) applied the rate constants of the pseudo-first-order (k1) and pseudo-
second-order (k2) equations to calculate the activation energy of naphthalene adsorption onto spent
tea. An E, value of 15.9 kJ/mol and 28.9 kJ/mol was obtained when applying the k1 and k> constants,

respectively. Furthermore, in some cases, an accurate activation energy was not obtained because of
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the low R? value of the Arrhenius equation such as R2 = 0.1671 (ki value) and R*> = 0.5671 (k2 value)

(Wahab et al., 2012).

Table 2 indicates the estimated E. values in the literature. A calculation mistake has been

found in previous publications (Chakraborty et al., 2012; Chowdhury et al., 2011). According to the

reported k> values, the correct £, values of the biosorption process of basic green 4 and crystal violet
onto pineapple leaves should be —58.9 kJ/mol and —46.1 kJ/mol, while the E. values reported in the
original papers are 58.9 and 45.8, respectively. Thirdly and lastly, because the rate constant is
important for the accurate calculation of E,, the adsorption rate constant at different solution
temperatures should be reported in adsorption kinetic studies. Unfortunately, some authors ignored
the presentation of the rate constant and readers therefore cannot verify the accuracy of the E, values

(see Table 2).

Table 2. Activation energy (£a; kJ/mol) of the biosorption process

Adsor-
Leaves Ea Remark Ref.
bate

Bael Pb(Il) 22.2* Corrected Chakravarty et al., 2010
Treated Australian pine ~ Pb(Il)  6.38  Re-calculated Khan Rao and Khatoon, 2017
Pineapple Cu(ll) 6.99* Corrected Weng and Wu, 2012
NaOH-treated tea Cu(Il) 4.12* Corrected Weng et al., 2014
Treated Australian pine  Cu(Il) 12.53  Re-calculated Khan Rao and Khatoon, 2017
Treated Australian pine ~ Ni(I) 11.98 Re-calculated Khan Rao and Khatoon, 2017
Black tea Cr(VD) 16.2  Corrected Hossain et al., 2005

Re-calculated
London plane MB 14.26* Kong et al., 2015

(11.67)
Pine MB 3.081 Re-calculated Yagub et al., 2012b
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Oriental plane

Treated maize husk

Pineapple

Princess-tree

Pineapple

Jackfruit

Phoenix

Pine

Water hyacinth

Treated cluster fig

Treated almond

Spent tea

Treated almond

MG

MG

BG4

AO52

Cv

Ccv

Ccv

BR46

AR27

AV17

AG25

CioHs

ABI113

7.13*

21.5%

45.79*

9.64*

58.9*

-45.99

25.3—

45.8

38.39%

19.8—

34.8*

7.07

6.22

15.89

6.54*

Corrected

Unreported k>

Re-calculated (-

46.1)

Corrected

Re-calculated (-

59.06)

Re-calculated

Re-calculated

Unreported k>

Corrected

Unreported k>

Corrected

Re-calculated

(28.9)

Unreported k>

Hamdaoui et al., 2008

Jalil et al., 2012

Chowdhury et al., 2011

Deniz and Saygidege.r 2010

Chakraborty et al., 2012

Saha et al., 2012

Ren et al., 2015

Deniz and Karaman, 2011

Guerrero-Coronilla et al., 2015

Jain and Gogate 2017b

Jain and Gogate, 2018

Agarry et al.. 2013

Jain and Gogate, 2017a

Note: The E, values were calculated from the Arrhenius equation at different &, constant rates of the pseudo-

second-order equation. *the data were reported in the original data. “Re-calculated” means that the E,

value was re-calculated from the k» value of the original paper; “Corrected” means that the E, values re-

calculated and reported are the same; “Unreported k> means that the k> valuwas not reported in the original

paper. Adsorbate: MB (methylene blue), CV (crystal violet), MG (malachite green), AO52 (acid orange

52), BG4 (basic green 4), BR46 (basic red 46), AB113 (acid blue 113), AR27 (acid red 27), AG25 (acid green

25), AV17 (acid violet 17), and C;oHs (naphthalene).
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3.4. Adsorption isotherm

In batch adsorption studies, the adsorption isotherm (Figure 5) plays a key role in recognizing
the regions (e.g., Henry, Freundlich, Langmuir, and BET) containing the actual experimental data
corresponding to the adsorption equilibrium. In particular, two methods used to obtain an adsorption
isotherm have been reported in the literature. Firstly, the adsorption isotherm (Figure 5a) is most
commonly determined at different initial adsorbate concentrations under fixed experimental
conditions (i.e., temperature, solution pH, solid/liquid ratio, ionic strength, adsorbent particle size,

and contact time) (Kili¢ et al., 2009). Secondly, the adsorption isotherm (Figure 5b) can be examined

at different solid/liquid ratios under constant experimental conditions including the temperature,
solution pH, initial adsorbate concentration, ionic strength, adsorbent particle size, and reaction time

(Chen et al., 2010).
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Figure 5. Typical adsorption isotherm determined by two different methods, that is by changing (a)

solid/liquid ratio (Kilic et al., 2009) [License number: 501431317], and (b) initial adsorbate

concentrations (Chen et al., 2010) [License number: 4435921407628]

Several adsorption isothermal models have been used in the scientific literature such as the
Langmuir, Freundlich, Dubinin—Radushkevich, and Redlich—Peterson models. Among these, the
Langmuir model (Section S4) is the most commonly used one because the maximum adsorption
capacity of a certain adsorbent can be calculated under given experimental conditions. When the
adsorption process reaches a true equilibrium under optimal conditions, the Q°max parameter is helpful
to (1) compare the adsorption efficiency among adsorbents and (2) design the adsorption study in a
fixed-bed column. Tables S8—S9 summarize the Langmuir maximum adsorption capacities (Q°max)
of various pristine and treated biosorbents derived from leaves from previous literature. Based on the
data in Tables S8-S9, basic statistical analyses were performed, and the results are listed in Figure
6. Figure 6 indicates O°max of modified/treated leaves are quite higher those of pristine leaves.
Furthermore, the of modified/treated leaves also exhibit the relatively higher bias in the estimated

O°max values.
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Figure 6. The Langmuir maximum adsorption capacity (Q°max, mg/g) of leaf-based biosorbent
(batch experiment) to some typical toxic metal ions (Data were analyzed based on summarizing

data reported in the literature; see Tables S8—S9)

Notably, although the O°max value plays an important role in adsorption studies, the maximum
adsorption capacity of an adsorbent to a certain adsorbate strongly depends on the properties of the
adsorbent (mainly its particle size) and operation conditions. The Q°max value is often inversely
proportional to the particle size of the adsorbent. For example, Hanafiah and Ngah (2009) reported
that the O°mnax value of protonated rubber leaf biosorbent deceases in the following order when its
particle size increases from less than 180 pm to 180-355 um and to 355-500 um: 8.4 mg/g > 6.9

mg/g > 5.8 mg/g. An analogous conclusion was drawn by Ngo et al. (2014).

In addition, the effects of the operation conditions on the O°max value often comprise the
solid/liquid ratio, solution pH, and temperature. First, Bhattacharyya et al. (2009) applied neem leaves
to remove Ni(I) from an aqueous medium. They reported that the O°max values (mg/g) decrease when
the solid/liquid ratios (g/L) increase, as follows: 9.1 mg/g (at 0.5 g/L) > 6.3 mg/g (1.0 g/L) > 5.0 mg/g

26



(1.5g/L)>4.2 (2.0 g/L)>3.0mg/L (3.0 g/L) > 2.4 mg/g (4.0 g/L). Similar reports were found in the

literature (Baruah et al., 2017; Bhattacharyya and Sarma, 2003; Bhattacharyya et al., 2010;

Bhattacharyya and Sharma, 2004; Gowda et al., 2012; Sharma and Bhattacharyya, 2005). However,

there is a potential problem regarding true equilibrium adsorption, which should be carefully
considered. For example, Baruah et al. (2017) applied bael leaves to remove methylene blue dye from
synthetic water. They determined the adsorption isotherm at very low initial dye concentrations (from
10 mg/L to 50 mg/L). The O°max values (mg/L) at different solid/liquid ratios (g/L) were 500 mg/L (at
0.2 g/L), 167 mg/L (0.4 g/L), 100 mg/L (0.6 g/L), 91 mg/L (0.8 g/L), and 52 mg/L (1.0 g/L).
Unfortunately, they did not include the adsorption isotherm in the published paper. A similar problem

has been found in reference (Bhattacharyya and Sharma, 2004), with the O°nax value for Pb(II)

biosorption onto neem leaves at a C, range (50—-150 mg/L) being 833 mg/g (at a solid/liquid ratio =
0.2 g/L), 270 mg/g (0.4 g/L), 196 mg/g (0.6 g/L), 119 mg/g (0.9 g/L), and 82 mg/L (1.2 g/L).
Therefore, the critical question is whether the adsorption process can reach a true equilibrium at low
initial adsorbate concentrations (i.e., 10-50 mg/L) and high solid/liquid ratio (i.e., 1.0 g/L). If the
adsorption process cannot reach a true equilibrium in the adsorption isotherm, the calculated O°max

values are invalid. This mistake has been discussed by many scholars (Hai, 2017; Kumar, 2006; Tran

et al., 2017b; Vasanth Kumar and Sivanesan, 2006).

Second, Sharma and Forster (1994) reported the Q°max values of leaf mould with respect to
chromium adsorption at different initial pHsowtion values (1.5, 2.0, 2.5, 3.0, 4.0, 6.0, and 10), that is,
27.6,43.1,23.4,8.9, 7.1, 3.9, and 2.5 mg/g, respectively. In another study, it was also reported that

the O°max value greatly depends on the initial pHsowtion (Chen et al., 2009). Third, some studies

demonstrated that the O°max values increase when the temperatures increase, while others indicated
the opposite trend. For example, Yuvaraja et al. (2014) hightlighted that the O°nax values of Solanum
melongena leaf biosorbent toward Pb(II) decrease in the following order: 71.4 mg/g (at 50 °C) > 62.5

mg/g (40 °C) > 55.6 mg/g (30 °C). In constrast, Kili¢ et al. (2009) reported that the O°max values of
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NaOH-pretreated Marrubium globosum ssp. globosum leaves to copper ions decrease in the following

order: 21.1 mg/g (at 20 °C) > 20.3 mg/g (30 °C) > 19.7 mg/g (40 °C) > 18.5 mg/g (45 °C).
3.5. Adsorption thermodynamics

The study of adsorption thermodynamics is an indispensable part for the estimation of the
adsorption mechanism (i.e., physical or chemical). Taking the adsorption of heavy metals as a typical
example, physical adsorption involves relatively weak interactions (i.e., van der Waals force), while
chemical adsorption is generated from stronger chemical interactions (i.e., coordination) with

associated transfer of electrons between the adsorbent and adsorbate.

The thermodynamic parameters of a reaction, including the changes in Gibbs energy (AG),

entropy (AS), and enthalpy (AH), can be obtained from calorimetric measurements (Ferreira et al., 2017)

or based on the van’t Hoff approach (Tran et al., 2017b). However, we found that the van’t Hoff

approach was used in almost all publications relevant for this work (Section S5). Tables S11-S15
compile the thermodynamic parameters for the biosorption process of various contaminants onto
pristine and treated biosorbents derived from leaves. The signs and magnitudes of the parameters
strongly depend on the properties of both the biosorbent and adsorbate. In addition, the effects of
temperature on the amount of adsorbate adsorbed on the biosorbent are reflected by the sign of the
enthalpy change. The biosorption capacity of the biosorbent is enhanced when the temperature rises,
suggesting that the biosorption is an endothermic process (AH >0). On the other hand, the negative AH
reflects the exothermic nature of the biosorption process, which is demonstrated by a decreased
biosorption capacity at higher temperatures. For example, NaOH-treated dead leaves of Ficus racemose
were applied to remove anionic dyes from synthetic water. Based on the results, the AH value of the

adsorption of acid green 25 is +7.0 kJ/mol (Jain and Gogate, 2018), that of acid blue 25 is +29.9 kJ/mol

(Jain and Gogate, 2017c¢), and that of acid blue 113 is —31.3 kJ/mol (Jain and Gogate, 2017a). This

means that the adsorption process of acid green 25 and acid blue 25 is endothermic, but that of acid

blue 113 is exothermic. These results were very consistent with the equilibrium study (i.e., the
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adsorption isotherms at different temperatures and the Langmuir maximum adsorption capacity;
O°max). The O°max value for acid green 25 adsorption increases in the following order: 44.3 mg/g (at
20 °C) <46.6 mg/g (30 °C) <48.9 mg/g (40 °C) < 50.8 C (50 °C); thus, AH is positive. In contrast,
the O°max value for acid blue 113 adsorption decreases in the following order: 97.1 mg/g (at 20 °C) >
93.5 mg/g (at 30 °C) > 90.1 mg/g 40 °C) > 87.0 mg/g (50 °C); thus, AH is negative. Based on Tables
S11-S15, it can be concluded that most biosorbent processes are endothermic in nature (accounting

for approximately 70% of the processes, n = 65/93).

Generally, the removal process of contaminants from aqueous solutions (adsorption onto the
biosorbent) occurs spontaneously or naturally (accounting for approximately 90%, n = 84/93), which
is supported by the negative AG values (Tables S11-S15). Furthermore, the sign of the entropy
change reflects whether the organization of the adsorbate at the solid/solution interface during the
biosorption becomes less random (AS <0). As shown in Tables S11-S15, raw and modified
biosorbents exhibit a positive AS value in most cases (~71%, n = 66/93), suggesting that the
organization of the adsorbate ions at the solid/solution interface becomes more random during the

biosorption process.
Figure 7 illustrates the relationship between AH and AS for the adsorption of heavy metal

ions and organic dyes on the biosorbents. However, the results indicated that the enthalpy—entropy
compensation (plot of AH versus AS) shows a relative strong linear relationship (exclusion of some
unlogic points). This phenomenon seems strange and is difficult to explain because the results are
based on different studies with different experimental conditions. One possible explanation is that

both AH and AS are calculated using the same equation.
Other significant concerns are that the sign and magnitude of AS and AH demonstrate a confused
representation because the thermodynamic parameters given in Tables S11-S15 were calculated based

on the equilibrium constant K¢, which is assumed from different alternatives (i.e., K1, Kg , and Kq) and

units (i.e., L/mol, L/mg, L/g, and dimensionless). Moreover, the operating conditions of biosorption
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experiments are dissimilar. For example, Shah et al. (2015) applied the distribution coefficient (K¢ =

qe/Ce; L/g) at an initial Ni(II) concentration of 5 mg/L, but Kushwaha et al. (2014) applied the

distribution coefficient [Kq = (ge/Ce)*(m/V); dimensionless] at an initial dye concentration of 10 mg/L

to compute the thermodynamic parameters. Meanwhile, Jalil et al. (2012) calculated the thermodynamic

parameters from the partition coefficient (K, = Cy/Ce; dimensionless) at an initial dye concentration of

200 mg/L and different temperatures (313-363 K). In contrast, Yuvaraja et al. (2014) applied the

Langmuir constant (Kr; L/mg) at different initial Pb(II) concentrations (30-90 mg/L), and Jain and

Gogate (2018) applied the Langmuir constant (K1 ; dimensionless) at different initial dye concentrations

(50-300 mg/L) to calculate the thermodynamic parameters.
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It is accepted that the following two steps consecutively occur during adsorption in aqueous
solution: (1) release of pre-adsorbed water molecules from adsorption sites (AH1 >0, AS1 >0) and (2)
adsorption of the adsorbate on the solid surface in a more ordered manner than that in bulk liquid
phase (AH> <0, AS> <0). In this regard, a highly positive AH and/or highly positive/negative AS of
the adsorption appears abnormal, unless sufficient experimental evidence is provided. Therefore, to
obtain an appropriate conclusion or remark at this stage, several requirements need to be met in the
existing studies. First, the alternative of the equilibrium constant K. must be dimensionless. Second, the
linear regression coefficient (R?) of the van’t Hoff equation must be high. Third, the initial concentration
of the adsorbate utilized in adsorption studies must be low or high. If the initial concentrations of the
adsorbate are very high, the distribution and partition coefficients might not be appropriate for the

calculation of thermodynamic adsorption parameters (Chang et al., 2016; Tran et al., 2016; Tran et al.,

2017b).
3.6. Desorption and regeneration

The adsorption reversibility is often determined by desorption studies. To some extent, the
desorption study can help to understand the uppermost reaction between adsorbent and adsorbate in
solution. Because leaf-based biosorbents are nonporous carbonaceous materials, surface interaction
(i.e., electrostatic attraction) greatly contribute to the adsorption mechanism. In general, if
electrostatic attraction is mainly responsible for the adsorption of cationic adsorbates (i.e., Cu"), the
adsorption process is highly reversible when pure water at a low pH value (often pH 2.0) is used as
the desorbing agent. For example, Chakravarty et al. (2010) speculated about Pb(II) biosorption by
bael leaves, concluding that the desorption efficiency of Pb(Il) from bael leaves has the following

other: 85% (at pH 2.0) > 35% (pH 3.0) > 10% (pH 4.0-7.0).

In contrast, highly alkaline conditions (often pH 12) simulate the desorption efficiency of
anionic adsorbates (i.e., Cro07%") from the surface of the adsorbent if the adsorption process primarily

involves electrostatic attraction. Figure 8 collects the plots regarding to the research of desorption
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from biosorbents in the literature. A typical example was described in Hamissa et al. (2007) for the

biosorption of two anionic dyes (Sumfixe Supra Red and Alpacelle Lumiere Brown) onto maguey

leaves (Figures 8a—b), which agrees with the findings of other authors (Guerrero-Coronilla et al.,

2015; Jain and Gogate, 2018; Namasivayam et al., 1996; Singh et al., 2009). Similarly, Guerrero-

Coronilla et al. (2015) concluded that the decline in the acid red 27 desorption efficiency has the
following order: strongly alkaline (0.01 M NaOH and KOH; pH = 12) > weakly alkaline (0.1 M
NaxCOs; pH = 11.5) > neutral salt (0.1 M NaCl, NaNOs3, and Na>SOg4; pH = 7.0) > weak acid (0.1 M

NH4Cl; pH = 5.1) > strong acid (0.1 M HCL, H2SO4, and HNO3; pH = 1.0) solutions.
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Figure 8. (a) Effect of solution pH on the adsorption of two anionic dyes ([Sumfixe Supra red
(SSR) and Alpacelle Lumiere brown (ALB)] onto Agave americana leaves, and (b) effect of pH on

the dye desorption (Hamissa et al., 2007) [Creative Commons CC-BY by SAGE]; (c) Effect of

different eluents on copper desorption from treated rubber leaves (Ngah and Hanafiah, 2008)

[License number: 4443540449114]; (d) Desorption kinetics of anionic Amaranth dye from water

hyacinth leaves (Guerrero-Coronilla et al., 2015) [License number: 4435930384912]; (e) Five

cycles of Pb(II) adsorption—desorption with 0.4 M HCI (Reddy et al., 2010) [License number:

4435930464723]; (f) Biosorption-desorption cycles for regenerating SATCEL with 0.1 N

HCI (Khan Rao and Khatoon, 2017) [License number: 4435930646149]

Generally, the desorption efficiency of potential toxic metals is enhanced when the solution
concentration of used desorbing agent increases. For example, Chen et al. (2011) found that the
desorption efficiency of Cu(Il) ions from NaOH-treated rubber leaves increases from 1.9% to 99.4%,
24.7% to 99.9%, and 29.9% to 99.9% when the concentrations of HCl, HNOs3, and EDTA increase
from 0.0001 M to 0.1 M, respectively (Figure 8c). They suggested that ion exchange is the primary

desorption mechanism. The exact performance was reported by other scholars (Al Rmalli et al., 2008;

Chen et al., 2011; Chojnacka et al., 2005; Mambo et al., 2016; Ngah and Hanafiah, 2009; Qi and

Aldrich, 2008; Reddy et al., 2012; Saha et al., 2017; Serencam et al., 2008; Yuvaraja et al., 2012).

Similar to the adsorption process, the desorption process of adsorbate from the laden

biosorbent derived from leaves reaches a fast equilibrium (Cengiz and Cavas, 2010; Guerrero-

Coronilla et al., 2015; Hossain et al., 2012; Jain and Gogate, 2017b; Rao et al., 2011b). In fact,

Guerrero-Coronilla et al. (2015) reported that the desorption process of amaranth anionic dye from
laden water hyacinth leaves reaches a desorption equilibrium at approximately 15 min within all
assayed alkaline eluents (i.e., NaOH, KOH, and Na;COs; Figure 8d). In addition, Rao et al. (2011b)
reported very fast desorption kinetics fast, where approximately 95.6% Cd(II) in the jambolana leaf-
based biosorbent were desorbed within a short period of time, that is, 5 min. However, Qi and Aldrich

(2008) found that the desorption process of potentially toxic metals (i.e., Ni, Zn, Cd, Cu, and Pb)
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from tobacco leaves reaches an equilibrium after § h.

When the adsorption is highly reversible, an adsorption—desorption cycle is performed to
explore the possibility of spent biosorbent regeneration and adsorbate recovery. Generally, the
adsorption—desorption efficiency progressively decreases with increasing regeneration cycle number

(Abedi et al., 2016; Amirnia et al., 2016; Cheraghi et al., 2015; Jain and Gogate, 2017a;2018; Kong

etal., 2015; Khan Rao and Khatoon, 2017; Nag et al., 2016; Peydayesh and Rahbar-Kelishami, 2015;

Qaiser et al., 2009; Serencam et al., 2008; Setiabudi et al., 2016; Xiao et al., 2016). For example,

Khan Rao and Khatoon (2017) asserted that the percentage of Cu(Il) adsorbed onto Australian pine
leaves decreased from 96.3% to 60% after five consecutive cycles using 0.1 N HCl as a desorbing
solution and the percentage of Cu(Il) desorbed from laden biosorbent decreased from 89.2% to 37.9%

(Figure 8f).

In contrast, many researchers postulated that the reusability percentages insignificantly

decrease after several adsorption—desorption cycles (Cay et al., 2004; Chakravarty et al., 2010; Chen

et al., 2010; Gupta et al., 2012; Han et al., 2014; Hossain et al., 2014a; Jain and Gogate, 2017b; Jain

and Gogate, 2017c; Khorshidi et al., 2015; Lim et al., 2016; Negah and Hanafiah, 2009; Reddy et al.,

2010; Reddy et al., 2012; Ruiyi et al., 2016; Yu et al., 2016). For example, Reddy et al. (Reddy et al.,

2010) assessed that the desorption of Pb(Il) from chemically modified drumstick leaves in all four
cycles remained at very high efficiency, with more than 98% recovery of Pb(Il) in each cycle (Figure
8e). In conclusion for Figure 8, the desorption/regeneration processes of heavy metals or dyes form
the biosorbents are easily carried out. The adsorption efficiency often decreases with the increasing
cycles in regeneration.

However, other authors claimed that the adsorption affinity of biosorbents to adsorbate is

enhanced after each adsorption—desorption cycle (Muhammad et al., 2009; Saha et al., 2017). For

example, Saha et al. (2017) found that the adsorption and desorption efficiency noticeably increased
after the first cycle. They concluded that the HNO3 solution (used as desorbing agent) could dissolve

the organic portion of the leaves, activating the binding site and consequently enhancing the
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adsorption efficiency. A similar phenomenon was found for the desorption of Cu(Il) from laden

banana peel using a HoSO4 desorbing agent (Hossain et al., 2012), Pb(II) and Cd(II) from laden mango

peel using HCI (Igbal et al., 2009), and Zn(II) and Ni(Il) from grapefruit peel using HC1 (Muhammad

et al., 2009). Similarly, Yazici et al. (2008) also discovered that the adsorption capacity of Cu(Il) onto

lamiaceae leaves was improved when the leaves were pretreated with H>SO4 and HNO3 because the
pretreatment with such acids possibly causes the protonation of the biomass surface and consequently
an increased ion exchange capacity. In addition, Hanafiah and Ngah (2009) found that the
pretreatment of rubber leaves with HCI contributes to increasing protonation of silanol, carboxyl,
amino, and hydroxyl groups on the leaf surface. This presumably results in an increased adsorption

capacity of copper cations in the bulk solution.

The adsorption of anionic contaminants is a process that often occurs adequately at a low
solution pH because of the large contribution of electrostatic attraction. Therefore, desorption will be
favored at a higher pH (alkaline condition). For example, Jain and Gogate (2017c) reported that the
process of acid blue 25 adsorption onto NaOH-treated cluster fig leaves reaches the highest adsorption
efficiency at pH 2.0. The results of a desorption—adsorption study using distilled water at pH 12 as a
desorbing agent signify that the adsorption capacity of the biosorbent slightly declines, from

24.6+0.34 mg/g in the first cycle to 24.4+0.42 mg/g in the seventh cycle at C, = 100 mg/L.

With respect to desorption competition, Cay et al. (2004) found that the desorption efficiency
of toxic metals from laden tea waste in single and binary systems is similar. An amount of 0.1 M HCl
can desorb 97.2% Cu(Il) and 98.1% Pb(Il) in the single system and approximately 97% Cu(Il) and

Pb(II) in the binary system.
3.7. Adsorption competition

Adsorption competition occurs in a multi-adsorbate system. In fact, the adsorption capacity
of the adsorbent is strongly impacted by the presence of multi-adsorbates because of (1) the

competitive adsorption phenomenon of adsorbates in the mixed system for adsorption sites on the
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adsorbent surface and (2) their antagonistic effect.

For example, Shi et al. (2016) reported that the Langmuir maximum adsorption capacity
(O°max) of arborvitae leaves toward potentially toxic metals in non-competitive adsorption (35.8 mg/g
for Pb, 7.9 mg/g for Cu, and 6.8 mg/g for Co) is much higher than in competitive adsorption (9.3
mg/g for Pb, 3.1 mg/g for Cu, and 1.54mg/g for Co). Similarly, Kamar Firas et al. (2017) stated that
the O°max values of cabbage leaves with respect to Pb(II), Cu(Il), and Cd(II) in a single system (6.3,
5.8, and 5.1 mg/g) are higher than the corresponding values in a ternary system (4.54, 3.35, and 2.48
mg/g). In addition, Khan Rao and Khatoon (2017) reported O°max values of Cu (44.5 and 13.0 mg/g),
Pb (28.6 and 21.7 mg/g), and Ni (39.9 and 7.79 mg/g) adsorption onto aluminate-treated Australian
pine leaves in single and multi-metal systems, respectively. A similar tendency was discussed

elsewhere (Cay et al., 2004; Hossain et al., 2014b; Yu et al., 2015). Furthermore, Salim et al. (2008)

explored the Cd(II) removal efficiency from aquatic environments of 20 species of plant leaves. They
concluded that the existence of foreign ions (Zn, Pb, and Cu) or complexing agents (EDTA) causes a

significant decrease in the biosorption efficiency of cadmium onto the plant leaves.

With respect to adsorption selectivity, the Q°max value (mmol/g) of leaf-based biosorbent

decreases in the following order: Cu(Il) > Pb(II) > Co(II) (Shi et al., 2016); Cu(Il) > Cd(II) > Pb(II)

(Kamar Firas et al., 2017); Cu(II) > Ni(II) > Pb(II) (Khan Rao and Khatoon, 2017); Cu(Il) > Cd(II)

(Cay et al., 2004); Cu(Il) > Cd(II) > Pb(II), Zn(II) > Cd(II) > Pb(II), Zn(II) > Cu(Il) > Cd(II), and

Cu(IT) > Cd(II) > Zn(II) (Hossain et al., 2014b); Cu(Il) > Cd(II) (Nag et al., 2016); Cu(Il) > Zn(II) >

Cd(IT) (Yu et al., 2015); and Cu(II) > Pb(II) > Zn(II) > Cd(II) > Ni(II) (Qi and Aldrich, 2008).

Furthermore, Zolgharnein et al. (2017) used XPS to identify the biosorption affinity of
modified Buxus sempervirens tree leaves to a ternary mixture of metal ions. The surface composition
(atomic percentage) was ranked as Cu (0.3%) > Cd (0.3%) ~ Ni (0.3%). Clearly, the leaf-developed

biosorbent favors the adsorption of Cu(Il) and not the mixture containing the metal ion solution.

Because the limitation of adsorption competition study in multi-adsorbate system using leaves
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as biosorbent in the literature, we compared the O°max values of biosorbents to potentially toxic metals
in the single system. The O°mnax values (mmol/g) exhibit a decreasing order: Cu(Il) > Ni(II) > Cd(II)

(Reddy et al., 2012), Cu(Il) > Cd(II) > Pb(Il) (Kamar Firas et al., 2017; Wan et al., 2014), Hg(II) >

Cu(II) > Pb(Il) (Zhang et al., 2015), Cr(IIT) > Cr(VI) > Pb(Il) (Copello et al., 2011), Cr(III) > Cd(II)

> Cr(VI) (Sawalha et al., 2006), Co(II) > Ni(II) (Vilvanathan and Shanthakumar, 2016), Cu(Il) >

Ni(II) > Pb(II) (Khan Rao and Khatoon, 2017), Cr(III) > Cu(II) > Pb(II) > Zn(II) (Abedi et al., 2016),

Cr(IIT) > Cu(II) > Zn(II) (Rawat et al., 2014), Pb(I1) > Cd(II) (Hossain et al., 2014c), Cu(Il) > Pb(II)

> Cd(IT) (Sangi et al., 2008), Cr(IIl) > Cu(Il) > Cd(II) (Chojnacka et al., 2005), Cu(Il) > Zn(II) >

Cd(I1) (Yu et al., 2015), Cu(IT) > Ni(IT) > Pb(II) (Salehi et al., 2008), Cu(II) > Zn(II) > Pb(Il) > Cd(II)

(Abdolali et al., 2016), and Cu(II) > Co(II) > Ni(II) > Cr(III) > Zn(II) > Cd(II) > Pb(II) (Batool et al.

2017).
4. Column experiment

Continuous fixed-bed analysis is often performed to comprehend the effects of various
process parameters, such as the bed height, flow rate, and initial adsorbate concentrations, on the
dynamic adsorption process. To analyze the breakthrough profiles in the fixed-bed adsorption process,
various mathematical models have been applied to describe the dynamic adsorption behavior of
adsorbates in the fixed-bed column including the Thomas, Adams—Bohart, and Yoon—Nelson models.
Similar to the Langmuir model, the Thomas model (Section S6) is commonly applied to estimate the

maximum adsorption capacity of the adsorbent (go; mg/g) under given experimental conditions.

Generally, breakthrough and exhaustion times significantly decrease when the flow rate and
initial adsorbate concertation increase, while they increase with increasing bed height (used adsorbent
mass). For example, Tamez Uddin et al. (2009) conducted a fixed-bed column study of methylene
blue removal from water media using jackfruit leaf powders (Figure S12). With respect to the effect
of the flow rate (Q; mL/min), the breakthrough and exhaustion times exhibited the following order:

3350 and 530 min (at 30 mL/min) > 250 and 390 min (at 40 mL/min) > 190 and 300 min (at 50
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mL/min), respectively. Meanwhile, the breakthrough time (t,; min) and exhaustion time (t; min)
decreased from 490 and 780 min to 250 and 390 min and then to 170 and 270 min when the initial
dye concentration (Co; mg/L) increased from 100 mg/L to 200 mg/L and then to 300 mg/L,
respectively. In contrast, the #, and # values increased when the bed height (Z; cm) rose as follows:
170 and 270 min (at 5 cm), 275 and 390 min (at 7.5 cm), and 400 and 490 min (at 10 cm), respectively.
Notably, although the breakthrough and exhaustion times strongly depend on the operation conditions
(i.e., Z, O, and C,), the Thomas maximum adsorption capacity (g.; mg/g) of jackfruit leaves is almost
the same under different operation conditions. The g, values ranged from 245 to 251 mg/g (for the
flow rate study), from 256 to 266 mg/g (bed height), and from 245 to 256 mg/g (initial dye

concentration). Similar results were reported elsewhere (Amirnia et al., 2016; Das et al., 2016; Han

et al., 2009; Rao et al., 2011b; Yu et al., 2015), but contrary findings were also documented (Amin et

al., 2017; Jain and Gogate, 2018; Nag et al., 2016; Saha et al., 2012). Table 3 summarizes the

maximum equilibrium adsorption capacity in the column of the Thomas model of various pollutants
onto leaf-based biosorbents. In Table 3, the adsorption capacities significantly vary with the operation

conditions.

Table 3. Thomas maximum adsorption capacity (go; mg/g) of leaf-based bisorbents (column
experiment) at different operation conditions including flow rate (Q; mL/min), bed height (Z; cm),

and 1nitial adsorbate concentration (Co; mg/L)

Operation
Adsor- . qo
Leaves conditions Reference
bate (mg/g)
Q 7Z Co

Sacred fig Pb(Il) 5 50 100 16.42  Qaiser et al., 2009

Amarasinghe and Williams

Tea waste Pb(Il) 20 15° 100 46.0
2007

MSG-treated rubber Pb(Il) NA 1.0 20 75.8  Fadzil et al., 2016
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HNO:s-treated rubber Pb(Il) NA 1.0 20 48.7  Fadzil et al., 2016

Jambolan Cddn 20 5.0 100 252 Raoetal., 2011b

Amarasinghe and Williams

Tea waste Cu(ll) 20 152 100 13.0

2007
Date palm Cu(dl) 3 5 150 5.19 Aminetal., 2017
MA-treated date palm  Cu(Il) 2 5 100 9.64 Aminetal., 2017
Rubber Cr(VD) 15 3 10 19.2 Nagetal, 2016
Castor Hgdl) 2 1.0? 100 35.5 Al Rmalli et al., 2008
Neptune grass MB 73 9.0 100 482  Cavasetal., 2011
Jackfruit MB 40 7.5 300 266  Tamez Uddin et al., 2009
Phoenix MB 8 15 100 149  Hanetal., 2009
Pineapple MG 10 5 200 85.2 Dasetal., 2016

NaOH-treated almond AG25 8 4 200 38.1 Jain and Gogate 2018

Jackfruit CV 5 12 50 66.7 Saha et al., 2012

Treated cluster fig AV17 8 4 200 70.9  Jain and Gogate, 2017b

Note: *The used adsorbent mass (g); data unreported in the original paper (NA); malachite green
(MG); methylene blue (MB); crystal violet (CV); acid violet 17 (AV17); acid green 25 (AG25);

monosodium glutamate (MSG); and mercaptoacetic acid (MA).

Furthermore, the maximum adsorption capacity of an adsorbent in batch experiments (Q°nax;
mg/g) is often higher than that in column experiments (qo; mg/g). For example, Jain and Gogate
(2017Db) reported that the O°... value of treated cluster fig leaves toward acid violet 17 dye (111 mg/g)

is significantly higher than the ¢, value (35.8-70.9 mg/g). Similarly, Fadzil et al. (2016) found that
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the O°.uqx Values of citric acid-modified rubber leaves and monosodium glutamate-modified rubber
leaves toward Pb(Il) are 97.2 and 110 mg/g, respectively, that is, significantly higher than the g,
values (37.7-48.7 mg/g and 51.3-75.8 mg/g, respectively). In addition, Amarasinghe and Williams
(2007) reported that the maximum adsorption capacity of tea waste to Cu(ll) and Pb(Il) exhibits the
following order: Q°max (48 and 65 mg/g) > qo (13 and 46 mg/qg), respectively. A higher Q°max value

(46.6 mg/g) compared with g, (20.5-38.1 mg/g) was also reported by Jain and Gogate (2018) for acid

green 25 adsorption onto NaOH-treated almonds.

Moreover, Amarasinghe and Williams (2007) highlighted that the column adsorption capacity
of tea waste [13 mg/g for Cu(ll) adsorption and 46 mg/g for Pb adsorption] is remarkably higher than
that of coconut shell-based granular activated carbon (8 and 19 mg/g, respectively). A comparable
result was observed for Cr(V1) adsorption onto rubber leaves, Q% = 23.0 mg/g > g, (8.2-18.8 mg/g)

(Nag et al., 2016), and Pb(ll) adsorption onto sacred fig leaves, Q% = 37.5 mg/g > ¢, (13.4-16.4

mg/qg) (Qaiser et al., 2009).

However, Al Rmalli et al (2008) found that the Q... (35.5 mg/g) and g, (37.2 mg/g) values
of Hg(ll) adsorption onto castor leaves are similar. In contrast, Saha et al. (2012) proposed that
jackfruit leaves have a higher ¢, value (57.3-66.7 mg/g) than Q% (41.1 mg/g) based on an

adsorption study of crystal violet dye. A similar trend was reported by Rao and Khan (2017) for Cu(ll)

adsorption onto Boston fern leaves: g, (37.5 mg/g) > Q% (27.0 mg/g).

The column adsorption could be assumed as a plug flow reactor. In the realistic operation, the
adsorption difficultly reaches equilibrium. On the other hand, the adsorption equilibrium can be
regarded as a batch reaction. The maximum adsorption capacity can be estimated through Langmuir
equation. Thus, the adsorption capacities in the batch adsorption equilibrium frequently are higher
than those in the column adsorption. The adsorption capacity in the column adsorption varies with
the operation conditions such as bed height, flowrate and initial concentration. The adsorption
capacity in the adsorption equilibrium only varies with the properties of solution such as pH and

temperature. In addition, the column adsorption is frequently used in the realistic wastewater
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treatment operation. However, the particle sizes of biosorbents might affect the adsorption
efficiencies toward heavy metal ions or dyes. When the biosorbents are applied to treat the realistic
wastewater using column, the particle size is regarded as a crucial factor. The produced biosorbents
possess the relatively lower particle size, which wastewater needs to take a long period to pass the

column.

5. Application of biosorption technology to real samples

To explore the feasibility of the application in realistic wastewater, it is necessary to examine
the adsorption efficiency of the leaf-based biosorbent in a real-life scenario. For example, Ruiyi et al.
(2016) applied NaOH-treated biosorbent derived from fallen persimmon leaves to treat industrial
wastewater from the GEM High-Tech Co., Ltd., China. The results indicated that the treated
biosorbent can effectively remove approximately 96% Zn(II), 88% Ni(II), and 82% Pb(II) from
industrial wastewater. Similarly, Tewari (2013) reported that approximately 99% Cr(VI), 95% Cu(Il),
and 93% Zn(I) were removed from brass and electroplating industry effluent by pine leaves.
Meanwhile, diethylenetriamine functionalized sago palm leaves were applied to remove uranium
from nuclear industry wastewater at different U(VI) concentrations. The removal efficiency decreased
in the following order: 87.7% (at Co = 200 pg/L) > 84.3% (at 10 pg/L) > 82.8% (at 5 png/L) (Xiao et
al., 2016). For the removal efficiency of various potentially toxic metals from different wastewater
samples, refer to Table 4. It can be found in Table 4 that removal efficiencies of contaminants are

highly affected by the initial concentration, solid/liquid ratio and solution pH.

Table 4. Removal efficiency (R%) of toxic metal by leaf-based biosorbents at different real water

samples

Chemical Co m/V
Site Leaves Adsorbate pH R% Ref.
(mg/L) (g/L)
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1. Poplar — Pb(ID) 017 — — 998 (1)

2.  Poplar — Cd(Ir) 1.65 — — 950 (1)
3. potato NaOH Cu(Il) 15.5 50 52 958 (2)
4.  Persimmon NaOH Pb(II) 4.73 10 50 81.6 (3)
4.  Persimmon NaOH Zn(I0) 16.6 10 50 959 (3)
4.  Persimmon NaOH Ni(II) 8.23 10 50 879 (3)
5. Chinaberry NaOH+HCI Pb(II) 5.86 — — 751 4
6. Taro — Pb(I) 10 1 6.0 99.8 (5
7. Waste tea Formaldehyde Ni(II) 0.5 25 7.0 99.8 (6)
8. Waste tea Formaldehyde Ni(II) 0.5 25 7.0 99.7 (6)
9. Waste tea Formaldehyde Ni(II) 0.5 25 7.0 99.8 (6)
_ 2.0-
10. Gum arabic Cr(VI) — — 65.0 (7)
8.0
11. Bael — Pb(II) 55.4 1 6.2 88.1 (8)
12. Pine — Cr(VD) 2.74 40 4 998 (9)
12. Pine — Cu(II) 4.55 40 4 945 (9
12. Pine — Zn(1I) 5.53 40 4 931 (9
13.  Sotetsu DETA Ul 0.2 02 — 877 (10)

Sites: 'Pb-battery factory disposal site; “Disposal sites of Phosphogypsum piles; *Copper plating
effluent; “Industrial wastewater from GEM high-tech Co. Ltd., China; °Industrial sample; *River
water; 'Tap water; *River Badabaira, Peshawar; *River Swat, Charsadda; '°Real industrial wastewater

collected from a metal finishing industry in Tirupur near to Coimbatore; !'Battery waste effluent;
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PIndustrial effluent obtained from brass and electroplating industry; and !*Nuclear industry

wastewater. DETA means diethylenetriamine.

Reference: (1) (Al-Masri et al., 2010), (2) (Mambo et al., 2016), (3) (Ruiyi et al., 2016), (4)

(Khokhar et al., 2015), (5) (Saha et al., 2017), (6) (Shah et al., 2015), (7) (Prasad and

Thirumalisamy, 2013), (8) (Chakravarty et al., 2010), (9) (Tewari, 2013), (10) (Xiao et al., 2016).

Interestingly, Prasad and Thirumalisamy (2013) applied gum arabic leaves to remove
hazardous Cr(VI) from industrial and synthetic wastewater. They found that the removal process is
independent of the pHsowtion ranging from 2.0 to 8.0. However, their finding is dissimilar to that of

Chakravarty et al. (2010) for the removal of Pb(II) ions from battery waste effluent using bael leaves.

6. Concerns

Similar to other lignocellulose materials-derived biomass, the leaf-based biosorbent can
release solute organic compounds (i.e., lignin, pectin, and tannin) during the adsorption process,
which results in a high chemical oxygen demand (COD) of the water. This organics release may lead
to a second form of pollution, which can turn the color of treated water into light yellow or brown.
For example, Cekim et al. (2015) reported that, although pristine tobacco leaf-derived biosorbent
exhibits an excellent adsorption capacity to Cu(II) with its high removal efficiency (90.7%), it results
in organic-originated pollution of the biosorption system. They reported that the COD levels in water

after adsorption varied between 208-235 mg/L at varying temperatures.

However, many researchers found that the leaching problem of organic solutes can be
overcome if the biosorbent is pretreated. For example, Ngah and Hanafiah (2009) reported that
formaldehyde rubber leaves can minimize the COD concentration in treated water. The results
showed that the COD level rose from 7 to 37 mg/L when the solid/liquid ratio rose from 2 to 10 g/L,
respectively. Similarly, S¢iban et al. (2006) reported that the leaching of organic matter during Zn(II)
biosorption from modified wood sawdust-derived biosorbent is significantly lower than that of

pristine wood sawdust. The COD level exhibited the following order: pristine fir sawdust (82 mg/L)
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> NaOH-treated fir sawdust (63 mg/L) and pristine poplar sawdust (31.5 mg/L) > NaOH-treated

poplar sawdust (29 mg/L).

Another problem is the disposal of metal ion-adsorbed adsorbent that can create another
serious environmental issue because acid rain can wash out adsorbed metal ions of the adsorbent

surface into the environment (Cay et al., 2004). A number of investigators have studied the desorption

of heavy metal ions from the biosorbents (see Section 3.6). When the metal ions release from the ion-
adsorbed adsorbent through the extraction process, the adsorbents can be used repeatedly. The
extractive solution needs to be treated or recycled according to the characteristics of the solution. The
metal-load adsorbents might be regarded as hazardous waste if the adsorbent cannot be used
continuously. The safe disposal of hazardous waste needs to be evaluated carefully. For example, Nag
et al. (2016) were interested in the safe disposal of Cr(VI)-loaded rubber leaf powder. The laden
leaves were first incinerated at 700 °C and then mixed in deionized water. Surprisingly, they reported
that Cr(VI) was not found in the ash sample; therefore, the ash can be disposed in a landfill. This
mistake might result from their analysis method of chromium (VI) ions that is the colorimetric method.

This method cannot distinguish Cr(VI) from total Cr (Tran et al., 2017b). In fact, if Cr(VI) would go

into the air during incineration, it would be serious problem. The question is whether the reduction
mechanism plays a primary role in removing Cr(VI) from the aqueous phase (see Section 7.5). This
means that most Cr(VI) anions are reduced to Cr(III) cations into solution without adsorbing onto the
surface of the biosorbent. Furthermore, Ruiyi et al. (2016) observed the thermogravimetry (TG) and
differential thermogravimetry (DTG) curves of NaOH-treated persimmon leaves before and after
adsorption of Pb(II). They concluded that the ash contains abundant Pb(II) metals after incineration,
which can be recycled as secondary lead resource or disposed of properly. A similar outcome was

reported by Saha et al. (2017).

It is essential to separate the contaminants before disposing the exhausted adsorbents. At their
end of life, the exhausted leaf biosorbents can be regenerated, dried, and burned. Although the final

products can be disposed in landfills, some researchers have suggested exploiting them in preferable
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ways, like in the preparation of hybrid inorganic—organic composites. The prepared composites are

often used for padding in the stone blocks (Visa, 2012) and incorporating in brick, cement, and road

construction (De Gisi et al., 2016). As mentioned in Section 3.6, various reagents and chemicals can

be used for desorption of contaminants and their separation from the exhausted biosorbents.

Overall, from real-life application point of view, the usage of untreated leaves has an obvious
drawback related to considerable amounts of potentially hazardous contaminants leached into the
environment and increase of COD levels of the treated water bodies. In this regard, the pretreatment
of leaves with some certain chemical regents can serve as a superior option to lessen the leaching
problems. On the other hand, although by-product leaves are promising alternatives that can be
potentially utilized in full-scale plants, almost all of the reported studies are referred to using the
biosorbents for the removal of various contaminants from synthetic solutions in lab-scale systems.
Also, the studies related to regeneration of adsorbents and, specially, safe disposal or using the
exhausted biosorbents for other purposes are not very high. To overcome the practical limitations in
using by-product leaves as an alternative to commercial activated carbon, in the future studies, more
focus should be placed on finding suitable low-cost strategies for eliminating of leaching
contaminants from the leave bodies. Further studies should also focus on the biosorbent performances
with real water and wastewater samples. Regeneration and reuse of the adsorbents for several
adsorption-desorption cycles, and environmentally safe disposal of the biosorbents should be looked

at.
7. Adsorption mechanism

As previously discussed, the adsorption capacity and mechanism of an adsorbent essentially
depend on the adsorbent properties and its adsorbate nature. For example, in adsorption studies of
cadmium, Salim et al. (2008) utilized 20 species of plant leaves and concluded that the most efficient
types of leaves for cadmium biosorption are that of styrax, walnut, pomegranate, and plum plants. A

similar study was conducted by Sayrafi et al. (1999) with respect to Cd(II) adsorption onto cypress,
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pine, and oak leaves. Whilst these followed important adsorption mechanisms, others have been

discussed and reported in the literature.
7.1. Negligible role of the pore filling

Generally, the adsorption capacity of the adsorbent is directly proportional to its specific
surface area. However, as aforementioned in Section 2.1, leaf-based biosorbent is nonporous material
due to its lack of porosity properties (i.e., low surface area and pore volume). Consequently, the
contribution of the pore filling mechanism to the adsorption process of contaminants (i.e., potentially
toxic cationic and anionic metal ions, cationic and anionic dyes, and others) is less important. In
addition, Setiabudi et al. (2016) reported that the Sger and Viota of 0il palm leaves before adsorption
(2.6 m?/g and 0.0020 cm?/g, respectively) are similar to those of methylene after blue dye adsorption
(2.3 m?/g and 0.0008 cm?/g, respectively). This result further proved the insignificant role of the pore
filling. Similarly, Nag et al. (2016) found that the Sger of rubber leaves slightly decreases after Cr(VI)
adsorption, from 29.2 to 13.1 m%*/g. While studying Ni(Il), Zn(II), and Co(Il) adsorption onto
industrial waste-derived biosorbent, Ramrakhiani et al. (2017) noted the Sget values of pristine and

laden biosorbents of 23.6 and 18.7 m?/g, respectively.

Although the leaves are nonporous biosorbents, they exhibit abundant surface functional
groups (i.e., carboxylic and amine groups) and high concentrations of light metal ions (i.e., Ca, Mg,
K, and Na) on their surface. Such functionalities and inorganic salts will play a decisive role in the
adsorption mechanism. This means that the adsorption process will occur on the external surface of
the biosorbent, which is visible when subjected to scanning electron microscope (SEM; Figure S13)
and atomic force microscopy (AFM; Figure S14) analyses. For example, Khan Rao and Khatoon
(2017) compared the AFM data before and after adsorption of Cu(Il) and concluded that the average
roughness of Australian pine leaves increases from 8.41 to 18.46 nm (Figure S14). This outcome
confirmed that the biosorption process mainly took place on the leaf surface. An identical result was

reported by Deng et al. (2003) for adsorption of Pb(II) and Cu(Il) onto aminated polyacrylonitrile

46



fibers (APANF). The surface roughness of APANF increased from 1.174 nm to 1.616 nm and 1.555

nm after the adsorption of Pb(II) and Cu(Il) ions, respectively.
7.2. Identifying electrostatic attraction

Similar to other adsorbents, leaf-based biosorbents typically coexist with both acidic and basic
solutions (amphoteric nature). Hence, the biosorbents can adsorb both cationic and anionic
contaminants through electrostatic attraction. Several common experiments have been used to
identify the presence of electrostatic attraction such as the effect of the solution pH (see Section 3.1)

and ionic strength (Section 3.2) and desorption studies (Section 3.6).

With respect to the adsorption of potentially toxic metals, electrostatic attraction is known as
outer-sphere complexation, while non-electrostatic attraction is known as inner-sphere complexation

(Goldberg, 2013). The hydroxyl and carboxylic groups play a predominant role in the adsorption

process. The outer-sphere (electrostatic: weakly bonded ions) interaction results from a dipole—ion
attraction between the metallic cation and the dipole of the oxygen from the -OH or -COOH groups.
In contrast, the inner-sphere (surface coordination or surface complexation: strongly bonded ions)
interaction is caused by covalent bonding between one pair of electrons of the oxygen (donor) from

the —OH or -COOH groups and the metallic cation (acceptor) (Davis and Kent, 1990). To identify

the existence of electrostatic attraction between tobacco leaves and a toxic metal, Qi and Aldrich
(2008) compared the leaves’ zeta potential before and after adsorption. They found that the magnitude

of the zeta potential value significantly decreased after adsorption, by approximately 40%.

Notably, a new classification of the metal biosorption mechanism has been proposed by

Robalds et al. (2016). A special case of complexation in which the ligand bonds at two or more places

to a metal ion is usually regarded as chelation (chemisorption) (Manahan, 2000). Figure S15 presents

several active binding functional groups for adsorption (Volesky, 2007) and the binding mechanism

of a metal ion (M*") by oxygen-containing functional groups (Manahan, 2000). For biosorption, the

elements of oxygen, nitrogen and sulfur might generate complexation reaction with the metal ions.
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7.3. Identifying complexation and chelation

Among the current advanced techniques, FTIR is widely used to identify the main functional
groups present on the adsorbent surface. However, with respect to the adsorption of potentially toxic
metals, FTIR cannot distinguish between outer- and inner-sphere complexes. In contrast, XPS can
help to identify the inner-sphere complexes (complexation) between toxic metal ions and the

functional groups on the adsorbent surface.

For example, Ruiyi et al. (2016) applied the XPS technique to investigate the Pb(Il) adsorption
mechanism onto NaOH-treated persimmon fallen leaves and suggested that there is an interaction
between Pb(II) in the solution and O elements in the functional groups of the leaves. This outcome
after Pb(II) adsorption, the peak of Pb 4f at 138.85 eV demonstrated that: firstly, bonding occurred
between Pb(II) ions and the carboxyl group of the biosorbent; and secondly, the peak at 143.65 eV
further confirmed the fixation of Pb onto the biosorbent. The O 1s peak at 530.70 eV confirmed the
presence of PbO after Pb(Il) adsorption. Therefore, the authors concluded that there is chelation
between the carboxylate ligand and hydroxyl group on the biosorbent and Pb(Il) in the solution,

forming the Pb(II) complex.

In their study, Chen and Yang (2006) applied pristine and formaldehyde-modified Sargassum
sp. biosorbent to remove heavy metals from water media. Based on the XPS data before and after
adsorption, they concluded that the —COQO™ group is the uppermost functional group in the formation
of the metal complexes. During the formation of carboxyl-metal complexes, the oxygen atom donated
electrons to the metal ions. Therefore, the electron density at the adjacent carbon atom in C=0O and

C-O0 significantly decreased.

In addition, Ramrakhiani et al. (2017) studied the adsorption process of Ni(II), Co(II), Zn(II),
and Cd(II) onto industrial waste-derived biosorbent. They reported that the deconvolution of N s
and C 1s XPS spectra produced two and one additional peaks, respectively, suggesting the formation

of amino-metal complexes. The N atom derived from the R—NH> and R—NH3" groups is mainly in
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nitrogen form and interacts with toxic metal ions. A lone pair of electrons in the N atom is donated to
the covalent bond between nitrogen and metal ions. The formation of amino-metal complexes
comprises R—NH,Ni**, R—NH2Co?**, R—NH»Zn?*, and R—NH>Cd?". Correspondingly, the
electron cloud density of the N atom decreases, and a higher binding energy peak is observed. An
increase in the atomic concentration of total oxygen and a decrease in the atomic concentration of
total carbon on the surface of metal-loaded biosorbent further explain the formation of different metal

complexes on the biosorbent surface.

The change of pHpzc before and after adsorption of potentially toxic metals might confirm
that the adsorption process is chemisorption. For example, Rao et al. (2010a) found that the pHpzc of
guava leaves (pHpzc = 6.54) increased by 0.74 units after Cd(II) adsorption (pHpzc = 7.01). They
concluded that the positive shift is indicative of Cd(II) ion adsorption involved in chemisorption. In
another study, they reported that the pHpzc value of teak leaves shifted 0.83 units after Cd(II)
adsorption; the pHpzc of pristine and laden biosorbents was 7.85 and 7.02, respectively (Srinivasa

Rao et al., 2010). Similarly, Mohapatra and Anand (2007) concluded that the pHpzc value exhibits the

following order: 6.48 (pristine adsorbent) < 7.8 (Cd-loaded adsorbent). In contrast, Babic¢ et al. (1999)
reported that the pHpzc of activated carbon cloth decreased after toxic metals adsorption from 7.0 to
6.0 (for Zn adsorption) and to 6.5 (for Cd adsorption). They explained that the decrease in the pHpzc
of AC occurs due to the specific adsorption of Zn** and Cd** ions. However, it should be noted that

the term “specific adsorption” is too general.
7.4. Identifying the ion exchange mechanism

As previously discussed in Section 2.2, the leaf-based biosorbent contains a high
concentration of light metal ions (i.e., Ca, Mg, K, and Na). Thus, ion exchange is expected to be the
primary adsorption mechanism between potentially toxic metals and the biosorbent. Based on the
literature, many methods have been applied to identify the presence of ion exchange during the

adsorption process. Here, we summarize and analyze several common and useful methods.
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The first method is a comparison between the amount of adsorbed toxic metal ions and the
amount of exchanged metal ions. The ion exchange mechanism during adsorption of potentially toxic
metals onto adsorbent can be quantitatively investigated by following the release of alkali metal ions
(Na® and K%), alkaline earth metal ions (Ca*" and Mg**), and proton binding H" ions from the
adsorbent after the adsorption process reached an equilibrium. However, the release of light metal
ions from the adsorbent is often divided into two types: “dissolved” and “released”’ ions (Shin et al.,
2007). The light metal ions can be transferred to the solution (control or blank sample only consisting
of adsorbent and double-distilled water) by simple dissolution without ion exchange with toxic metals
(i.e., Cd*"), which is referred to as “dissolved.” Meanwhile, the metal ions released in the presence of
Cd*" are called “released.” The net release amount of metal ions from the adsorption process
(“exchanged”) is defined as the difference between the amount of “released” and “dissolved” metals
(Figure S3). In addition, the displacement of H" ions (effect of protons in the exchange mechanism)

can be determined by the corresponding values of the solution pH before and after adsorption (Fiol

et al., 2006; Ruivi et al., 2016; Séiban et al., 2006). Meanwhile, researchers proposed an alternative
method to calculate the amount of released protons during the adsorption process based on the amount

of NaOH added to maintain the pH at 5.0 until reaching the adsorption equilibrium (Igbal et al., 2009;

Zolgharnein et al., 2013).

According to the stoichiometric ratio of cations, the release of one divalent ion would be
equivalent to releasing two monovalent ions. Therefore, the sum of exchanged cations [E] can be
calculated as Ca*" + Mg?*+ Na*/2+ K*/2 + H'/2. The ion exchange mechanism is given by the Rayg]
ratio, which has been acknowledged by researchers working in adsorption science and with the

relevant technology (Fiol et al., 2006; Hanafiah et al., 2009; Igbal et al., 2009; Ngah and Hanafiah,

2009; Séiban et al., 2006; Villaescusa et al.. 2004; Zolgharnein et al., 2013; Zolgharnein et al., 2015):

S L fie,Cd*] (1)
AEL T TE] ™ [Ca® ]+ [Mg% ]+ 1/ 2[K]+1/2[Na*]+1/2[H ]
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where the concentration of all cations is commonly expressed as mmol/L or meq/g and [A] is the
amount of toxic metal ions (i.e., Cd*") adsorbed onto the adsorbent in equilibrium. If the

coefficient Rjay(r) is equal to 1, the adsorption process involves a pure ion exchange mechanism.

For example, Ngah and Hanafiah (2009) investigated the Cu(Il) adsorption onto surface-
modified rubber leaves. They noted that the calculated Rjayrjratio is 1.42. A Rayr) value greater than
unity corresponds to the amount of Cu(Il) ions adsorbed on the biosorbent; it is greater than the sum
of cations released into the solution during the adsorption. This result suggests that ion exchange and
complexation primarily involve the removal of copper ions, which is in line with Ngah and Hanafiah’s
EDS analysis, that is, the peaks corresponding to Mg and Ca ions disappeared after copper adsorption.
Similarly, Fiol et al. (2006) reported that the Rjayg) value of the adsorption of Pb(II), Ni(II), Cu(Il),
and Cd(II) cations onto olive stone waste is 1.7, 0.9, 1.4, and 2.3, respectively. They asserted that
another mechanism (surface complexation), in addition to ion exchange, must be involved in the
adsorption process of such metals. A comparable result was reported by other scholars (Table 5).
Furthermore, for the multi-adsorbate system (Pb*", Cd**, Ni**, and Cu?"), Abdolali et al. (2016)
reported that the total amounts of adsorbed heavy metal ions (1.43 mmol/L) and exchanged alkali
ions (1.51 mmol/L) were approximately equal. The ion exchange can be regarded as one of primary

adsorption mechanisms but being the unique adsorption mechanism.

Table 5. The R[A]/[E] ratio between the net amount of adsorbed toxic metals [A] and exchanged

cations [E]

Toxic Concentration of cations (exchanged)*
Adsorbent [A] [E] R|A|/|E| Ref.
Metal Ca?* Mg» Na’72 K72 H'2
Leaves-biosorbent
Treated weed Cu 0.132 0.159 0.043  0.031 0.069 0.011 0.0045 0.83 (1)
Treated rubber Cu 0.136 0.146 0.045 0.079  0.069 — -0.048 0.93 2)
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Modified rubber Cu 0.103 0.073 0.011  0.004 0.017 — 0.041 1.42 3)
Judas® Ag 0.093  0.029 — — — — — 3.21 4)
Hardy catalpa® Pb 0.163 0.128 — — — — — 1.27 ®))

Other kinds of biosorbent

Juniper bark® Cd 91.6 954 — — — — — 1.04 (6)
Juniper wood* Cd 24.8 19.5 — — — — — 0.78 @)
Grape stalk Cu 0234 0247 0.131 0.031 — 0.063  0.022 0.95 (8)
Grape stalk Ni 0.186 0.206  0.119  0.030 — 0.049  0.008 0.90 9)

Oil palm bunche Pb 0.038 0.042 0.017 0.005 0.055 0.007 -0.041 0.91 (10)
Mango peel® Cd 0914 1.197 0513  0.118 0.007 0.142 0.135 1.32 (11)
Mango peel® Pb 0.783 0937 0506 0.123  0.006 0.119 0.030 1.20 (12)
Grapefruit peel® Ni 1.331 1.166 0.718 0.293  0.020 0.049 0.085 1.14 (13)

Grapefruit peel® Zn 1.512 1285 0.749 0323 0.018 0.051 0.145 1.18 (14)

Note: The unit of *(umol/g) and ®(meq/g); [A] is total metal adsorbed (mmol/L); [E] is total metal exchanged
(mmol/L) =[Ca*"]+ [Mg*]+[Na*/2] + [K"/2] + [H"/2]; *concentration of cations (exchanged) = concentration
of cations (released) — concentration of cations (dissolved).

References: (1) (Hanafiah et al., 2009), (2) (Ngah and Hanafiah, 2008), (3) (Ngah and Hanafiah, 2009), (4)

(Zolgharnein et al., 2013b), (5) (Zolgharnein et al., 2015), (6) (Shin et al., 2007), (7) (Shin et al., 2007), (8)

(Villaescusa et al., 2004), (9) (Villaescusa et al., 2004), (10) (Ibrahim et al., 2010), (11) (Igbal et al., 2009),

(12) (Igbal et al., 2009), (13) (Muhammad et al., 2009), (14) (Muhammad et al., 2009).

Another method is the comparison of the Langmuir adsorption capacity of the adsorbent
(O°max; mmol/g) and target toxic cationic metal with the cation exchange capacity (CEC; mmol/g) of
the adsorbent. Because the CEC of the adsorbent plays a key role in estimating the maximum

adsorption capacity of potentially toxic metal onto the adsorbent and primary adsorption mechanism,
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Chao and Chen (2012) defined a parameter o as the ratio of Q°max to CEC. If the adsorption process

only involves ion exchange, the o value is unity (Chao and Chang, 2012; Tran and Chao, 2018b). In

contrast, the external cation exchange capacity (ECEC) plays a vital role in estimating the maximum
adsorption capacity of adsorbent to toxic anionic metal and parameter £ is defined as the ratio of O°max

to ECEC (Chao and Chen, 2012). Although the CEC and ECEC values of leaf-based biosorbents play

a deciding role in estimating the maximum adsorption capacity of potentially toxic metals onto
adsorbents and primary adsorption mechanism, these important properties were not reported in the
literature. Therefore, we summarized the o and f values of other adsorbents with similar ion exchange

characteristics such as zeolite and agricultural waste-based biosorbents (Table S16).

Thirdly, many researchers applied the EDS technique (Figure S3b—c) to quantitatively
analyze the presence of ion exchange by comparing the EDS spectra of the adsorbent before and after

adsorption of divalent toxic metals (Hanafiah et al., 2009; Igbal et al., 2009; Muhammad et al., 2009;

Yuvaraja et al., 2012; Zhang et al., 2015). For example, Chen et al. (2010) found that the intensity of

the Ca, Na, K, and S peaks in the EDS spectrum decreased after copper adsorption and copper peaks
are visible in the spectrum. They suggested that ion exchange is an integral part of the adsorption
process. Similarly, Yuvaraja et al. (2012) concluded that several light metal cations (Ca**, Mg**, and
Na") disappeared from the EDX spectrum of Cu(II)-laden biosorbent, suggesting the involvement of

an ion exchange mechanism in the adsorption process.

Similar to the EDS technique, the advanced instrumental analyses of XRF are also used to

quantitatively identify ion exchange (Dabbagh et al., 2016; Zahedi et al., 2015). For example,

Dabbagh et al. (2016) concluded that the changed Mg?* and Ca?" ions possibly resulted from ion
exchange or replacing cobalt ions with such ions. They found that the composition of CaO and MgO
(42.3% and 4.9%, respectively) significantly decreased after adsorption (16.1% and 0.97%,

respectively).

Lastly, some authors used the magnitude of the mean adsorption energy (£; calculated from

the Dubinin—Radushkevich equation) to propose whether the adsorption process primarily involved
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ion exchange. More relevant information on such equations has been discussed in our recent work

(Tran et al., 2016; Tran et al., 2017b). As acknowledged by many researchers, the adsorption energy

of physical adsorption often ranges from 1-8 kJ/mol, while an ion exchange process usually involves
a higher adsorption energy (8—16 kJ/mol). For example, Hanafiah and Ngah (2009) investigated the
Cu(II) removal process by HClI-treated rubber leaves. Based on the EDS data (no Ca peak detected in
the EDS spectrum after adsorption) and £ value (12.7-14.4 kJ/mol at different leaf particle sizes),
they concluded that the main adsorption mechanism is ion exchange. In addition, Ngah and Hanafiah
(2008) proposed that ion exchange is primarily responsible for Cu(II) biosorption onto NaOH-treated
rubber leaves because (1) the E value was 8.8 kJ/mol and (2) the ratio of adsorbed cations (Cu?*) to
cations (H', Na*, Ca?*, and Mg?") released from the leaves was almost unity. Similarly, Chen et al.
(2010) pointed out that the E values at different temperatures (302—332 K) range from 10.0 to 11.6
kJ/mol. Based on a combination of the analysis of EDS and FTIR data, they also concluded that ion

exchange is the primary Cu(Il) biosorption mechanism of camphor leaves. Similar results were

reported by Hanafiah et al. (2009) for Cu(II) biosorption onto NaOH-treated weed leaves (14.1-14.4

kJ/mol at 300-310 K); by Brahman et al. (2016) for biosorption of inorganic arsenic species onto

rohida leaves [15.8 kJ/mol for As(IIl) and 12.9 kJ/mol for As(V)]; by Hymavathi and Prabhakar (2017)

for Co(II) biosorption onto banyan leaves (12.9 kJ/mol); and by Sawalha et al. (2006) for Cr(III),

Cr(VI), and Cd(II) adsorption onto saltbush leaves (10.8, 9.5, and 9.1 kJ/mol, respectively).
7.5. Identifying the reduction mechanism

The reduction mechanism during adsorption mainly involves certain redox active elements
such as chromium. This type of mechanism is also known as “adsorption-coupled reduction”. Figure
9 shows the potential adsorption mechanisms of Cr(VI) on the biosorbents presented in the literature.
The adsorption—reduction mechanism can be summarized as follows: (1) Cr(VI) anions are
electrostatically attracted by the positively charged adsorbent surface (i.e., —NH3" or —OH>") when
PHsolution < pHpzc or pHigp; and (2) Cr(VI) anions are directly reduced to Cr(IIl) cations when they

are in contact with electron donor groups of the adsorbent (i.e., amino and carboxylic groups) under
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strongly acidic conditions. Notably, the converted Cr(III) cations were neither retained in the
functional groups on the adsorbent surface through the complexation of converted Cr(Ill) with the

adjacent functional groups capable of Cr-binding nor released (desorbed) to the solution due to

electrostatic repulsion between the positively charged groups and Cr(III) cations (Gagrai et al., 2013;

Gardea-Torresdey et al., 2000; Mohan and Pittman, 2006; Park et al., 2006;2005; Qi et al., 2016;

Zhou et al., 2016).
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Figure 9. (a) Mechanisms proposed for Cr(VI) biosorption by nonliving biomass (Park et al. 2005)
[License number: 4440510789887]; and (b) high-resolution spectra collected from the Cr 2p core
regions of the Cr-laden biosorbent derived from Korean red pine tree leaves as well as standard

Cr(IIT) and Cr(VI) chemicals (Park et al., 2011) [License number: 4435931207985]
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In the aqueous phase, Cr(Ill) and Cr(VI) are the prevalent species. Meanwhile,
hexavalent (HCrO4 and Cr207*") and trivalent (Cr**and CrOH?*") chromium species are dominant in

industrial wastewater (Park et al., 2005). In addition, Aoyama and Tsuda (2001) reported that the

hydrogen chromate ion (HCrOy') is the dominant anionic chromium species in the solution when the
initial pH of K>2Cr2O7 solution ranges from 1.0 to 5.0 [see Cr(V]) speciation diagram as a function of

the pH in Figure S16]. This is similar to the assumption of other scholars (Abdolali et al., 2014;

Aovama, 2003b; Park et al., 2004:2005; Weng et al., 2006). Previous studies demonstrated that

biomass-derived biosorbent can reduce toxic Cr(VI) to less toxic Cr(Ill). Aqueous Cr(VI) commonly

exists as five species: HoCrOs, HCrOs , CrO4*, Cr207*", and HCr,O7 (Abdolali et al., 2014;

Mukherjee et al., 2016; Park et al., 2004). It has been noted that protons and electrons are consumed
during the reduction of Cr(VI), as presented in Equations 2—5. Therefore, the reduction of Cr(VI) to

Cr(III) occurs in a strongly acidic environment.

Cr,07 +14H" +6e~ <> 2Cr* +7H,0 E°=+133V 2)
CrO; +8H" +3¢” <> Cr* +4H,0 E°=+148V 3)
HCrO, +7TH* +3e” <> Cr* +4H,0 E°=+135V (4)
H,CrO, +6H"* +3e” <> Cr® +4H,0 E°=+133V (5)

Generally, when Cr(VI) oxyanions in solution are in contact with organic substances or

reducing agents (especially in an acidic medium), the Cr(VI) species are easily reduced to Cr(III)

species because of the redox reaction (Aoyama et al., 2000b) because Cr(VI) has a high redox
(oxidation/reduction) potential (often higher than +1.3 V) under standard conditions (Park et al.,
2005). As reported in the literature, when Cr(V1) oxyanions are in contact with electron donor groups
of the biosorbent (i.e., amino and carboxylic groups), Cr(VI) spontaneously reduces to Cr(III). The
electron-donor groups must have a reduction potential lower than 1.3 V. This mechanism is called

direct reduction (Figure 9a).

Interestingly, the Cr(IV) concentration is often determined with the colorimetric method. The
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pink-colored complex, which was formed from 1,5-diphenylcarbazide and chromium ions in an
acidified solution, can be spectrophotometrically analyzed at 540 nm. Meanwhile, the total Cr
concentration can be determined as follows: Cr(III) is converted to Cr(VI) at high temperature (130
—140 °C) and an oxidation treatment with KMnQOj4 is performed before the 1,5-diphenylcarbazide
reaction. The Cr(II) concentration can be calculated from the difference between the total Cr and

Cr(VI) concentrations (Park et al., 2008; Singh et al., 2009).

Generally, some organic carbons of the adsorbent are completely oxidized into inorganic
carbon (i.e., HCO3;  and CO3) during Cr(IV) reduction. The reduction rate of Cr(VI) to Cr(III) strongly
depends on the pHsomtion. The reduction rate of Cr(VI) decreases with increasing pHsolution because the
proton consumption decreases during Cr(VI) reduction (Table S17). For example, Aoyama et al.
(1999) found that approximately 33% Cr(VI) are reduced to Cr(III) at pH 2.0 during the adsorption
process by coniferous leaves because of increased proton consumption in the acidic solution.
However, the reduction rate of Cr(VI) seems negligible when the pHsolution 1S higher than 3.0, which

agrees with the findings of other studies (Abdolali et al., 2014; Aoyama, 2003a; Aoyama and Tsuda,

2001). Notably, Abdolali et al. (2014) concluded that a reduction of Cr(VI) to Cr(III) did not occur in

the absence of the biosorbent.

Furthermore, XPS, X-ray absorption spectroscopy (XAS), and extended X-ray absorption fine
structure (EXAFS) analysis are three useful advanced techniques to ascertain the oxidation state of
the chromium bound on the biomass-derived adsorbent. For example, Gardea-Torresdey et al. (2000)
studied the Cr(VI) binding and reduction to Cr(III) by oat biomass (containing different ligands).
Their XAS analysis indicated that the biomass catalyzes the reduction of the much more toxic (VI)
state of chromium to the less toxic (III) state. The EXAFS study indicated that the reduced Cr(III) is
bound to the oxygen-containing functional group (possibly carboxyl groups) on the biomass surface.
Meanwhile, based on the XPS data, Zhou et al. (2016) concluded that the binding energies at 577.2
and 579.2 eV (in the Cr 2p3, orbitals) correspond to Cr(Ill) and Cr(VI) after Cr(VI) adsorption. The

results indicated that the Cr(III) and Cr(VI) ions coexist on the surface of the adsorbent, with the
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former and the latter accounting for 93.33% and 6.67%, respectively. This result agrees with that of

other investigators (Dambies et al., 2001; Park et al., 2011; Qi et al., 2016). Notably, the Cr 2p3/2 and

Cr 2p1/2 binding energies of Cr(VI) and Cr(III) chemicals were thoroughly reviewed by (Tran (2019)
to avoid the undesirable mistakes and the propagation of incorrect information in the scientific

literature.

Notably, Park et al. (2007) applied sixteen natural biomaterials (i.e., pine needle, pine cone,
rice husk, pine bark, sawdust, fungal biomass of Rhizopus, walnut shell, green tea waste, peanut shell,
banana skin, orange peel, oak leaf, rice straw, seaweed biomasses of Sargassum, Ecklonia, and
Enteromorpha) to thoroughly investigate the adsorption-coupled reduction mechanism of Cr(VI)
removal from aqueous solution. Based on the XPS data before and after adsorption, they concluded
that the spectra of the Cr-adsorbed biomaterials are consistent with that of the standard Cr(III)
compound (CrCl3*6H,0). This suggests that the chromium bound to the surface of the selected
sixteen biosorbents was mainly or totally in Cr(III) form. Therefore, the evidence indicates that the

removal mechanism of Cr(VI) by natural biosorbents is an adsorption-coupled reduction.

Similarly, Park et al. (2011) applied the emerging XPS technique to propose the adsorption-
coupled reduction mechanism for the removal of Cr(VI) or total Cr by the leaves of Pinus densiflora.
They compared the XPS spectrum of Cr-loaded biosorbents and standard Cr(III) compounds
(CrCl3*6H20) and standard Cr(VI) compounds (K>Cr207) in the Cr 2p core regions. The direct
comparison demonstrated that the spectrum of the Cr-loaded biosorbent matches that of the standard

Cr(IIT) compound (Figure 9b). An analogous conclusion was proposed by Qi et al. (2016).
7.6. Identification of functional groups relevant for the adsorption
mechanism

Similar to lignocellulose-derived biosorbent, leaf-based biosorbents exhibit abundant

functional groups on their surface, which have been regarded as active groups important for the

adsorption of various adsorbates (i.e., potentially toxic metals and dyes). However, the functional
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properties of each biosorbent are unique and the functionality, which is part of the adsorption process,
is generally dissimilar. Compared with the XPS technique, the FTIR technique is widely used for the
identification of the main functional groups of certain adsorbents. The main functionality
corresponding to the adsorption process can be identified by comparing the FTIR spectra of pristine

and laden adsorbents.
7.6.1. Adsorption of potentially toxic metals, fluoride, uranium, and ammonium

The potential adsorption mechanisms between toxic metals and biosorbents are illustrated in
Figure 10. The electrostatic attraction, complexation and ion exchange were regarded as the main
adsorption mechanisms. These mechanisms highly correlated with the functional groups and element

composites on the surface of biosorbents.

(b) Non-
electrostatic
attraction

M** represents Cu**, Pb**, Zn**, Ni**, and Cd**

Figure 10. The potential adsorption mechanisms between toxic metals and biosorbents (Tran and

Chao, 2018a) [License number: 4525340872276

Because of the length limitation required by the journal, more information on adsorption of

59



potentially toxic metals, fluoride, uranium, and ammonium is summarized in Section S7. For example,
Rao and Khan (2017) compared the FTIR spectrum of Boston fern leaves before and after Cu(II)
adsorption, concluding that the peak shifts from 3391 to 3397 cm™' (—OH), 1244 to 1246 cm™ (C=0),
and 534 to 537 cm™ (C—H) are due to the binding of Cu(Il) ions with carboxyl and hydroxyl groups.
Similarly, some authors proposed that the hydroxyl, carbonyl, and carboxyl groups greatly contribute

to binding Cu(II) ions onto grey nicker leaves (Yuvaraja et al., 2012), Cr(VI) onto mango leaves (Saha

and Saha, 2014), Cd(II) and Pb(II) onto mango peel (Igbal et al., 2009), Ni(Il) and Zn(II) onto

grapefruit peel (Muhammad et al., 2009), and Cd(II) onto guava leaves (Rao et al., 2010a) and teak

leaves (Srinivasa Rao et al., 2010).

A comprehensive study on the application of FTIR and electron paramagnetic resonance (EPR)
to identify the main functional groups participating in Cu(Il) biosorption onto dried leaves was

conducted by Carvalho et al. (2003). Based on their FTIR analysis, the molecular bonds affected by

the existence of the copper ions are C=C, C—H, and O—H bonds; these are all present in the carbon
rings of the biosorbent. The EPR analysis indicated that Cu(Il) ions are incorporated into the

biosorbent, at sites with strong axial symmetry (Figure S17).
7.6.2. Dye adsorption

Figure 11 indicates the typical interactions contributing to the adsorption of cationic
methylene green 5 dye onto biosorbent. Similarly, the functional groups can determine the adsorption
capacities of dyes on the biosorbent. Dissimilar to the adsorption of potentially toxic metals, the
adsorption mechanism of organic compounds onto the adsorbent can be determined by comparing the
FTIR spectra of the adsorbent before and after adsorption. For example, Tran et al. (2017c) studied
the adsorption mechanism of cationic methylene green 5 onto various biosorbents. Based on
adsorption (effect of pH, NaCl salt, temperature, and initial dye concentration) and desorption studies
and FTIR analysis, they proposed that the primary involved adsorption mechanisms are electrostatic
attraction, dipole—dipole and Yoshida hydrogen bonding formations, and n—n interaction. Their FTIR

spectra verified that the -OH, C=0, and C—O peaks shift and decrease in intensity after dye adsorption.
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Figure 11. Typical interactions contributing to the adsorption of cationic methylene green 5 dye

onto biosorbent (Tran et al., 2017¢) License number: 4435940108341]

Based on FTIR spectral analysis, Saha et al. (2012) suggested the major role of the C=0, O—
H, and C-O groups in the biosorption of crystal violet dye onto jackfruit leaves. Similarly, Setiabudi
et al. (2016) concluded that the C=0O, C-O, O-H, and C-H groups play a vital role in removing
cationic methylene blue using oil palm leaves. Its performance has been documented by other scholars

(Han et al., 2011; Han et al., 2014; Jain and Gogate, 2017c; Lafi et al., 2015; Lim et al., 2016; Tamez

Uddin et al., 2009; Zhu et al., 2016).

8. Conclusions

Based on the viewpoints discussed in the literature and this study, it can be concluded that:

* The leaves by-products can be made ready for sorption usages by several consecutive simple
steps, i.e., thoroughly washing of raw material with water, drying under controlled temperature

and time, grounding the material to attain a specific particle size and, if needed, pre-treating of
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the material for lessening the leaching problems.

* Leaf-based biosorbents are nonporous materials with average Sper and Viewl values of
9.9+13.4 m*/g (n=60) and 0.019+0.027 cm?/g (n = 25), respectively. Therefore, the pore filling

mechanism was ruled out in the adsorption study of contaminants.

* Depending on the unique surface chemistry properties of the biosorbent, the adsorption
affinity and mechanism of each biosorbent are dissimilar. Among the existing functional groups
on the biosorbent surface, the carboxylic group (—COOH) plays a more important role in
interacting with various contaminants than the amino (—NH>), sulthydryl (—SH), and phenolic

(—OH) groups.

* Leaf-based biosorbents (pristine and modified/treated) have been used as promising
adsorbents to remove potentially toxic cationic metal and oxyanionic metal ions, organic
cationic and anionic dyes, radioactive metal ions, rare earth elements, phosphate, ammonium,

and fluoride.

* The adsorption process rapidly reaches an equilibrium (approximately 60—180 min for almost
all contaminants). The optimal pH value strongly depends on the target adsorbate; acidic
conditions are favorable for anionic adsorbate biosorption, while neutral or alkaline conditions
are favorable for cationic adsorbate biosorption. The presence of specific salts (i.e., NaCl and
NaNO3) causes a significant decrease in the adsorption capacity of the biosorbent to most

adsorbates.

* The characteristic thermodynamic parameters for the biosorption process using pristine and
modified leaves are AG <0 (96%, n = 46/48), AH >0 (83%, n = 40/48), and AS >0 (88%, n =
42/48) for toxic metal ions and AG <0 (84%, n = 38/45), AH >0 (55%, n = 25/45), and AS >0

(53%, n = 24/45) for organic dyes.

* Among toxic metals, copper is adsorbed most by the biosorbent in both single and multi-

component adsorption studies.
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* Desorption studies indicate that the adsorption process of contaminants onto the biosorbent is
normally reversible when the primary adsorption mechanism is electrostatic attraction and/or

ion exchange.

* The removal efficiency of potentially toxic metals from the water samples collected from
different industrial effluents by leaves ranges from 65% to 99.8%, depending on the operation

conditions.

* Electrostatic attraction plays an important role in the adsorption of most adsorbates. Ion
exchange mainly involves the adsorption process of potentially toxic cationic metals and
ammonium. The adsorption mechanism of Cr(VI) is regarded to be adsorption-coupled
reduction. Meanwhile, the hydrogen bond formation and n—m interaction are primarily

responsible for the adsorption of most organic dyes.

Nontoxic leaf-derived biosorbents are promising dual-electronic adsorbents for the removal of
various anionic and cationic adsorbates from water media. However, in order to take advantages of
these sorbents in real treatment plants, future studies should address the limitations which confront
their full-scale usages. For example, such studies should consider the strategies by which the leaching
of organic chemicals can be satisfactorily lessened, the reusability of biosorbents after regeneration
via suitable cheap manners, and their performances towards real waters and wastewaters, as well as
exploring adequate safe methods for their end-of-life disposal or exploiting the possibility of using

the exhausted sorbents for other purposes.
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Section S1. Additional discussion on calculating textural properties

Based on Tran et al., 20173, the specific surface area (Sger) of a solid material can be

calculated with the Brunauer—Emmett—Teller method (Equation S1). The calculations of the total pore
volume (Viotar; ¢cm3/g) and mean pore diameter (Lo; nm) are shown in Equations S4 and S5,

respectively.

s (0.1620 nm?) x (6.023 x10%°)
PET (22414 cm®STP) x (10 nm? /m?) x (S, + 1)

(S1)

where the constant of 0.162 nm? is the molecular cross-sectional area of the analysis gas (N2);
6.023x10% is the Avogadro number; 22414 cm? is the volume of 1 mole gas at standard temperature
and pressure (STP); S1 (g/cm® STP) and |1 (g/cm® STP) are the slope (C-1/QgerxC) and intercept
(1/QeerxC) of a plot of 1/Q(p°/p-1) versus p/p°® (Equation S2), respectively; and the parameter C of
the BET equation is obtained using Equation S3.

L _C e, o
Q( po / p_l) QBET xC QBET xC
S +1 1
e s3
I, Qger < 1 (S3)
QO.99
V, = <099
total 647 (84)
Lo — 4XVtotaI x1000 (85)

BET

where Q is the adsorbed quality in volume (cm®/g STP); Qo.e0 is the adsorbed quality in volume at a
relative pressure (p/p°) of 0.99 (cm®/g STP); C is indicative of the energy of the adsorption process
(positive and dimensionless); Qget is the monolayer capacity in volume (cm®/g STP); and p/p° is the

relative pressure.

Section S2. Additional discussion electrical double layer (EDL)

Based on several researchers (Dogan et al., 2009; Wenqg et al., 2009; Weng and Wu, 2012),
the thickness of the EDL (1/x; nm) can be calculated using Equation 6.




1 2F 21 x1000

- | xR (S6)

K eg,RT
where | is the ionic strength (M); F is the Faraday constant (96500 C/mol); R is the gas constant
(8.314 J/mol x K); ¢ is the dielectric constant of water (78.5); o is the vacuum permittivity (8.854 x
102 C/V x m); and T is the absolute temperature in Kelvin (K).

Section S3. Additional discussion on adsorption Kinetics

In the batch adsorption study, the amounts of adsorbate adsorbed onto biosorbent in

equilibrium (ge; mg/g) and at time t (qt; mg/g) are always calculated using the mass balance equations,

as follows:
C. -C
q={Cy (s7)
g = %v (S8)

where Co (mg/L), Ce (mg/L), and C; (mg/L) are the adsorbate concentrations in the beginning, in
equilibrium, and at time t, respectively; m (g) is the mass of the used biosorbent; and V (L) is the
volume of the adsorbate solution. Therefore, the m/V ratio is defined as solid/liquid ratio.

The pseudo-second-order equation (Blanchard et al., 1984) can be expressed in nonlinear

(Equation S9) and linear form (Equation S10):

_ ekt
C14+k,0t (S9)
t 1 1
- = (7)'[ + 5 (Slo)
qt qe que

where e and g: are the amounts of adsorbed adsorbate per adsorbent mass (mg/g) in equilibrium and
at time t (min), respectively; and ka2 (g/mg x min) is the rate constant of the pseudo-second-order

equation.

The activation energy (Ea) of the adsorption process (in kJ/mol) is defined as the minimum
energy that must be overcome by the adsorbate molecules and can be computed through the Arrhenius

equation:



E..1
hk,=—(=2)=+h A, S11
=27 (s11)

where k2 (g/mg x min) is the rate constant of the second-order reactions; A is the pre-exponential

factor (frequent factor); R (8.314 J/mol x K) is the gas constant; and T (K) is the solution temperature

in Kelvin.

Section S4. Additional discussion on adsorption isotherm

The Langmuir model (Langmuir, 1918) can be expressed in nonlinear (Equation S12) and
linear (common) forms (Equation S13):

QomaxK Ce
%="IYKC. (512)
L>e
C 1 1
q_e = (QO )Ce + QO K ! (813)
e max max ' L

where Ce and ge are obtained from Equation S7, K. (L/mg) is the constant related to the affinity
between an adsorbent and adsorbate; and Q°max (Mg/g) is the maximum Langmuir adsorption capacity

of a certain adsorbent under fixed experimental conditions (i.e., temperature, pH, time, etc.).

Section S5. Additional discussion on adsorption thermodynamics

The thermodynamic parameters for a liquid-phase reaction under non-standard state conditions
(concentrations are not all one molar) are calculated using the van’t Hoff approach that was described

as the following equations:

AG =-RT I K, (S14)
oln K¢
AG-AH

AS = N - ) (S16)

where Kc is the equilibrium constant (dimensionless) of a reaction based on the molar concentrations;

T is the absolute temperature (in Kelvin; K); and R (8.314 J/mol x K) is the universal gas constant.



Equation S15 is the known van’t Hoff equation. As shown in Equation S14, the equilibrium constant

Kc must be dimensionless for dimension consistency.

The literature survey indicates that there are three ways to obtain the thermodynamic parameters

of an adsorption process, depending on the expression of the K¢ value in Equations S14 and S15:

(1) The Kc value is directly replaced by the adsorption isotherm constant including the Langmuir,
Frumkin, Temkin, Flory—Huggins, Redlich—Peterson, and Henry equations (Chang et al., 2016;
Tran et al., 2017b).

(2) The K¢ value is substituted by the thermodynamic partition coefficient ( Kg). The changes in the Kg

values with temperature were initially studied by Biggar and Cheung (1973) for picloram adsorption

on different soils. The thermodynamic partition coefficient is defined as follows:

ko _ 8 _7Cs (S17)
ae 7/eCe

where as and a. are the activities of the adsorbate adsorbed on the adsorbent and in solution at
equilibrium, respectively; ys and ye are the corresponding activity coefficients; and Cs and Ce, both in
mg/L, are the equilibrium concentrations of the adsorbate adsorbed on the adsorbent and in solution,

respectively.

When the initial concentration of the adsorbate in solution approaches zero, which results in
Cs— 0 and Ce — 0, the value of ys and ye approaches unity. Equation S17 can thus be written as:

limKs = (518)
C,—0 Ce
In this case, the Kg value can be obtained by plotting In(Cs/Ce) versus Cs and extrapolating Cs
to zero. If a straight line fits the data with a high regression coefficient (R?) and its intersection with the

vertical axis provides the value of Kg , the partition coefficient is in unison with the equilibrium constant

Kc.

(3) The Kc value is expressed by the distribution coefficient (Kq), which is defined by the following
equation (Khan and Singh, 1987):

Ky =—2 (S19)



In this case, the Kq values are obtained by plotting In(qe/Ce) against Ce and extrapolating to zero
C.. If astraight line fits the experimental data with a high regression coefficient (R?), then its intersection
with the vertical axis provides the value of Kq. However, the distribution coefficient Kq is dimensional;
therefore, it is necessary to convert Kq (dimensional) into K¢ (dimensionless) using several appropriate

methods (Milonji¢, 2009; Tran et al., 2017b). Notably, the distribution and partition coefficients are

only appropriate to determine the thermodynamic parameters if the initially used adsorbate
concentration is low (infinite dilution). In this situation, the distribution coefficient Kq and partition

coefficient K, will be in unison with the equilibrium constant K (Chang et al., 2016).

Section S6. Additional discussion on adsorption dynamics

The Thomas model is commonly applied to estimate the maximum adsorption capacity of the

adsorbent under given experimental conditions.

C 1
G124 exp(Kr 0, 23 —kn Cot) (S20)
C m
In(=-1) =k —2 Kk, C,t
(Ct ) =K, q fmCe (S21)

where kry (mL/min x mg) is the Thomas adsorption rate constant; g, (mg/g) is the maximum
equilibrium adsorbate uptake per gram of adsorbent in the column; ms (g) is the mass of the adsorbent
used in the column; C, (mg/g) is the adsorbate concentration; and Q (mL/min) is the volumetric flow
rate. Notably, the breakthrough time (t,; min) and exhaustion (or saturation) time (t; min) can be
obtained when the effluent concentration of the adsorbate reaches approximately 10% and 95% of

the influent adsorbate concentration, respectively (Ali and Gupta, 2007).

Section S7. Additional discussion on identifying functional groups relevant for the adsorption
mechanism

Adsorption of potentially toxic metals, fluoride, uranium, and ammonium

Meanwhile, Chen et al. (2010a) compared the FTIR spectrum of camphor leaves before and

after Cu(ll) adsorption. They concluded that the amino and hydroxyl groups play a pivotal role in
9



retaining Cu(lIl) ions in the solution, which agrees with the findings of Mambo et al. (2016) for Cu(Il)

adsorption onto chemically treated potato leaves. In addition, Vilvanathan and Shanthakumar (2016)
found that major hydroxyl, carboxyl, and amine functional groups are mainly responsible for
capturing Co(Il) and Ni(ll) ions on the biosorbent based onto teak leaves. This agrees with the
observations of Kamar Firas et al., 2017 for Pb(ll), Cd(ll), and Cu(ll), regarding the uptake by

cabbage leaves, and of Hossain et al., 2014c, regarding Cu(ll), Zn(I1), Cd(Il), and Pb(Il) adsorption

onto cabbage leaves.

Moreover, some contributory functional groups (hydroxyl, carboxyl, amino, ether, phe9nolic
and phosphate) are Oknown as active groups of rubber leaves retaining Cu(ll) ions in solution Ngah

and Hanafiah, 2009. For example, Amirnia et al. (2016) stated that active functional groups

(hydroxide, phosphorous, and carboxyl) present in maple leaves greatly contribute to Cu(ll)—
biosorbent interactions. Based on FTIR data, Zahedi et al. (2015) proved that the carboxyl and
sulfhydryl groups on the surface of MgCl.-treated white water lily leaves mainly interact with Ni(ll)
of MgCl»-treated white water lily leaves. In contrast, Dabbagh et al. (2016) highlighted that sulfonic
acid is a dominant functional group accumulating Co(ll) ions onto modified fig leaves. Furthermore,
Bose et al. (2016) found that carboxylic, thiol, and sulfahydral groups are primarily responsible for
adsorbing Cd(Il) ions onto Urticaceae leaves. The great participation of hydroxyl, carboxylate,
phosphate, ether, and amino functional groups in the removal of Cu(ll) ions by NaOH-treated weed
leaves has been identified by Hanafiah et al. (2009b).

In addition, Gebrehawaria et al. (2015) proposed that polar functional groups, such as —OH,
—NH and —C=0 (amide), are mainly related to Cr(VI) adsorption. However, Mozumder et al. (2008)
emphasized that only the amine groups take part in the Cr(VI) adsorption onto tea-leaf waste. In their
study, Zhang et al. (2015) reported the great contribution of the -COOH, —NH3, and O—-CHjs groups
of poly(vinyl alcohol)-modified tea waste in removing Pb(Il), Hg(ll), and Cu(ll). In contrast, the
comparison of the FTIR spectra of black tea waste before and after adsorption indicated that the
functional groups contributing to Cu(lIl) adsorption are the -OH, —CH, and —-C=C groups (Weng et
al., 2014a). Based on XPS and FTIR data, Shi et al. (2016b) concluded that the C—C or C-H, C-O,

and O—C=0 groups provide the vital sites for the adsorption of Pb(Il) by arborvitae leaves.

Moreover, Xia et al. (2013) proposed that the uranium adsorption onto Banyan leaves mainly
involves the —OH, C=0, P-0, and Si=0 groups. With respect to fluoride adsorption, the comparison
of the FTIR results of neem leaf powder before and after biosorption revealed that the peak intensities
at approximately 3468 cm™! (—OH), 2372 cm™* (—-C=N), and 1640 cm™ (C=0) decreased and the
peaks slightly shifted to 3456 cm™, 2369 cm™, and 1608 cm ™, respectively. This demonstrates the
vital role such functional groups play in the adsorption (Bharali and Bhattacharyya, 2015). Based on
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FTIR analysis, researchers proposed that the hydroxyl, phenol, and carboxyl groups predominantly
contribute to the adsorption of ammonium onto leaf-produced biosorbents including cactus leaves
(Wahab et al., 2012), Boston ivy leaves (Liu et al., 2010c), and strawberry leaves (Liu et al., 2010d).

As noted earlier, FTIR can be used to qualitatively identify the integral role of the biosorbent
surface functionality in adsorbing potentially toxic metals. Therefore, some authors used the chemical
blocking method involving active functional groups to quantitatively analyze the contribution of
principal functional groups (i.e., carboxylic and hydroxyl groups). Based on the literature, carboxylic
groups on the adsorbent can be individually blocked by acidified methanol (HCI and CH3OH), while
the hydroxyl group is blocked by formaldehyde (HCHO). For example, Muhammad et al. (2009)
compared the adsorption capacity of pristine and functional group-blocked biosorbents. They found
that the adsorption capacity of the biosorbents remarkably decreased after blocking of carboxyl
groups [by 78.6% for Ni(ll) adsorption and 73.3% for Zn(ll) adsorption]. Meanwhile, the adsorption
capacity of hydroxyl group-blocked biosorbents decreased by 22.6% for Ni(ll) adsorption and 28.5%
for Zn(I1) adsorption.

Likewise, Igbal et al. (2009) elaborated that the chemical modification of mango peel waste
to block carboxyl and hydroxyl groups demonstrates the larger contribution of the carboxylic group
(73% and 76%) to the adsorption of Cd(I1) and Pb(Il) than that of the hydroxyl group (27% and 24%),
respectively. The result is consistent with the FTIR analysis; the carboxyl and hydroxyl functional
groups are mainly responsible for the adsorption process. Meanwhile, Chojnacka et al. (2005) stated
that the Cr(l1l) adsorption process is hindered when the carboxyl and phosphate groups on the

biosorbent surface are esterified, suggesting their significant role in the biosorption process.

To investigate the contribution of functional groups (i.e., carboxyl, carbonyl, amino,
phosphate, hydroxyl, and sulfhydryl) to the biosorption of toxic metals, Ramrakhiani et al. (2017)
compared the adsorption ability of pristine and chemically modified biosorbents. They reported that
the adsorption capacity of pristine biosorbents decreases after chemical modification of these
functional groups by esterification of the carboxylic acids, hydroxyl group, and phosphate group. In
addition, methylation of amines and modification of the sulfhydryl and carbonyl groups were

observed.
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Table S1. Textural properties of leaf-derived biosorbents

Textural property Textural property
Leaves SeeT Viotal Ref. Leaves SeeT Viotal Ref.
(m’g)  (cmQ) (m?/g) (cm®/g)
Almond 67.0 0.062 (1) Pineapple 5.24 0.021  (31)
Jambolan 53.3 — 2 Bamboo 341 — (32)
Neptune grass 38.9 0041 (3 Taro 3.33 0.015 (33)
Boston ivy 31.9 — (@) Oil palm 2.59 0.002 (34)
Arborvitae 29.5 — (5) Mango 2.38 — (35)
Rubber 29.2 — (6) Strawberry 2.05 — (36)
Eggplant 26.4 0.017  (7) Mucilaginous 1.85 0.008  (37)
Tiger's claw 25.3 — (8) Guava 1.70 — (38)
Treated cluster fig 21.2 0.066 (9 Jackfruit 1.66 — (39)
Neem 21.5 — (20) Southern magnolia 1.54 — (40)
Esparto grass 20.7 0.11 (11) Used tea 1.34 — (41)
Treated Potato 17.6 0.007 (12) Cabbage wastes 1.03 — (42)
Oriental plane 15.4 0.006  (13) Brazilian orchid 1.27 — (43)
Roxburgh fig 15.3 — (14) Modified boxwood 1.26 0.005  (44)
Tea 13.0 0.011 (15) Golden shower 1.09 0.002  (45)
Sugar maple 11.6 0.011 (16) Cabbage 1.03 — (46)
Bamboo 115 — an Green honey myrtle 0.99 — 47)
Jackfruit 11.2 0.004  (18) Teak 0.96 — (48)
Tea 11.0 0.009 (19 Persimmon 0.95 — (49)
Maple 10.9 0.001 (20) Cauliflower wastes 0.89 — (50)
Tomato 8.80 0.003  (21) Tea waste 0.86 — (51)
Guava 8.33 — (22) Tea waste 0.79 — (52)
Tea 8.00 0.008 (23) Hornbeam 0.70 — (53)
Lotus 7.12 0.009 (24) Neem 0.57 — (54)
Tea 7.01 0.005 (25) Rubber 0.48 — (55)
Pineapple 6.86 — (26) Labill 0.38 — (56)
Treated persimmon 6.63 — (27) Strawberry 0.35 — (57)
Sacred fig 6.14 0.061 (28) Coconut 0.24 — (58)
Tea 6.00 0.003  (29) Rambai 0.16 — (59)
Australian pine 591 0.006  (30) Phoenix 0.08 — (60)

Note: Average: Sget = 9.91 + 13.37 (n = 60) and Viotar = 0.019 £ 0.027 (n = 25); Median: Sget = 5.58 and Viotal
=0.008.

References: (1) Jain and Gogate, 2017b, (2) Rao et al., 2010c, (3) Dural et al., 2011, (4) Liu et al., 2010a, (5) Shi et al., 2016b, (6) Nag et al.,
2016, (7) Yuvaraja et al., 2014, (8) Aditya et al., 2012, (9) Jain and Gogate, 2017c, (10) Sharma and Bhattacharyya, 2008, (11) Lafi et al., 2015, (12)
Mambo et al., 2016, (13) Peydayesh and Rahbar-Kelishami, 2015, (14) Rangabhashiyam et al., 2015, (15) Peng et al., 2013, (16) Amirnia et al., 2016,
(17) Nagetal., 2017, (18) Saha et al., 20123, (19) Peng et al., 2013, (20) Hossain et al., 2014b, (21) Gutha et al., 2015, (22) Abdelwahab et al., 2015,
(23) Penget al., 2013, (24) Han et al., 2011, (25) Peng et al., 2013, (26) 27 Ruiyi et al., 2016, (28) Qaiser et al., 2009, (29) Peng et al., 2013 (30),
Khan Rao and Khatoon, 2017, (31) Weng et al., 2009, (32) Chen et al., 20114, (33) Nakkeeran et al., 2016, (34) Setiabudi et al., 2016b, (35) Nag et
al., 2017, (36) Liu et al., 2010d, (37) Edokpayi et al., 2015, (385) Gaikwad and Kinldy, 2009, (39) Nag et al., 2017, (40) Liu et al., 2010a, (41) Hossain
et al., 2005, (42) Hossain et al., 2014d, (43) Jorgetto et al., 2015, (44) Zolgharnein et al., 2017b, (45) Ahmad et al., 2017b, (46) Hossain et al., 2014c,
(47) Kuppusamy et al., 2016, (48) Vilvanathan and Shanthakumar, 2016, (49) Ruiyi et al., 2016, (50) Hossain et al., 2014d, (51) Wan et al., 2014, (52)
Amarasinghe and Williams, 2007, (53) Zolgharnein et al., 2013a, (54) Singha and Das, 2012, (55) Hanafiah and Ngah, 2009, (56) Yang and Hong,
2018a, (57) Liu et al., 2010a, (58) Gowda et al., 2012, (59) Sen et al., 2011, (60) Li et al., 2009.
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Table S2. Ultimate analysis (wt.%) of leaf-based biosorbents

Leaves C H N S O* H/C OIC Reference

Roxburgh fig 31.1 4.08 0.77 — 641 157 155 Rangabhashiyam et al., 2015
Esparto grass 44.3 6.5 0.6 — 465 176 0.79 Lafietal., 2015

Grey nicker 59.2 720 220 — 314 146 040 Yuvarajaetal. 2012
Sacred fig 48.4 730 112 012 431 181 0.67 Qaiseretal., 2009
Neptune grass 38.5 5.60 0.62 — 553 175 1.08 Mesequeretal., 2016
Taro 37.1 381 235 036 564 123 114 Nakkeeranetal, 2016
Judas 43.3 6.94 361 — 46.2 192 0.80 Zolgharneinetal., 2013b
Hardy catalpa 43.1 550 279 — 486 153 0.85 Zolgharneinetal., 2015
Southern cattail 43.5 101 249 121 429 279 0.74 Abdel-Ghani etal., 2009
Bamboo 44.0 6.20 257 — 472 169 0.80 Chenetal,2011a

Globe artichoke 42.4 6.09 101 021 503 172 0.89 Benadjemiaetal., 2011
Brazilian orchid 46.7 557 168 031 461 143 0.74 Jorgettoetal., 2015
Hornbeam 41.6 595 222 — 50.2 181 181 Zolgharneinetal., 2013a
Almond 40.4 444 0.34 — 63.4 175 1.75 Jainand Gogate, 2017b
Drumstick 47.2 6.79 247 059 429 173 0.68 Reddyetal., 2010
Rubber 51.1 689 109 — 409 162 0.60 Ngahand Hanafiah, 2009
NaOH-treated rubber 50.2 6.63 1.09 — 421 158 0.63 Ngahand Hanafiah, 2008
NaOH-treated almond 40.4 444 034 — 548 132 1.02 Jainand Gogate, 2017b
Average 44.0 6.11 163 047 485 169 094 —

SD 6.12 147 098 040 812 033 0.39 —
Minimum 311 381 034 012 314 123 041 —
Maximum 59.2 101 361 121 641 279 181 —

Median 43.4 6.15 140 034 469 171 08 —

Note: Calculated by difference; the H/C and O/C atomic ratio; SD means standard deviation
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Table S3. Proximate analysis (wt.%) of leaf-based biosorbent

Leaves Moisture Volatile Total Fixed Reference

ash carbon
Eucalyptus 4.40 57.1 4.10 345 Mishraetal., 2010
Gulmohar 4.9.0 85.5 7.80 1.80 Ponnusami et al., 2009b
Teak 8.09 30.8 30.8 30.3  Vilvanathan and Shanthakumar, 2016
Ashoka 12.4 68.5 14.8 441 Guptaetal., 2012b
Roxburgh fig 4.03 62.0 24.5 9.50 Rangabhashiyam et al., 2015
Jamun 7.05 27.6 6.11 59.3 Rehmanetal., 2014
Guava 581 61.5 9.58 34.1  Kamsonlian et al., 2012b
Drumstick 8.08 36.5 12.7 42.8 Belloetal., 2017
Carrot 7.65 81.4 9.21 1.75 Kushwaha et al., 2014b
Potato 8.19 72.1 17.6 2.15 Guptaetal., 2016b
Tomato 2.25 — 2.32 — Gutha et al., 2015
Eggplant 3.46 3.12 — Yuvaraja et al., 2014
Gum arabic 8.71 — 9.95 — Prasad and Thirumalisamy, 2013
Grey nicker 2.10 — 9.12 — Yuvaraja et al., 2012
Pineapple 5.01 — 6.01 — Ponou et al., 2011
Neem 8.33 — 13.6 — Singha and Das, 2012
Jackfruit 4.88 — 16.6 — Nag et al., 2017
Mango 5.86 — 12.9 — Nag et al., 2017
Mango 5.80 81.5 9.58 3.13 Kamsonlian et al., 2012c
Grey nicker 2.10 — 9.12 — Yuvaraja et al., 2012
Bamboo 4.10 — 12.0 — Nag et al., 2017
Average 5.92 60.4 115 20.3 —
SD 2.66 20.6 6.83 20.5 —
Minimum 2.10 27.6 2.32 1.75 —
Maximum 4.40 57.1 4.10 34.5 —
Median 5.81 62.0 9.58 9.50 —

NOTE: SD means standard deviation
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Table S4. pH value and density of leaves-based biosorbent

Density

Leaves pH Ref. Leaves References
(g/cm3)

Roxburgh fig 8.10 Rangabhashiyam et al., 2015 Neem 0.710 Singha and Das, 2012

Drumstick 7.08 Belloetal., 2017 Mango 0.367 Nag et al., 2017

Gum arabic 7.02 :(r)is?? d and Thirumalisamy., Used black tea 0.340 Hossain et al., 2005

Phoenix 6.60 Lietal., 2009 Guava 0.333 Gaikwad and Kinldy, 2009

Cauliflower 6.50 Ansari et al., 2016a Jackfruit 0.299 Nag et al., 2017

Leaf tea 6.48 Jenish and Methodis, 2011 Ir-l|12bSb(er;—treated 0.279 Nag et al., 2017

Castor 6.28 Makeswari and Santhi, 2014 Bamboo 0.214 Nag et al., 2017

Guava 6.20 Gaikwad and Kinldy, 2009 Coconut 0.117 Gowda et al., 2012

Coconut 6.02 Gowdaetal., 2012 Gum arabic 0.272 Z(r)is;d and Thirumalisamy.

Souther_n 6.01 Liuetal., 2010a Kush grass 0.127 Pandey et al., 2015b

magnolia

Poplar 5.60 Liuetal., 2010a Bamboo 0.166 Pandey et al., 2015b

Strawberry 5.80 Liuetal., 2010a

Boston ivy 5,50 Liuetal., 2010a

NaOH-treated tea 5.07 Wengetal., 2014a

Coconut 4.92 Ngah and Hanafiah, 2009

Tea 4.75 Wengetal., 2014a

15



Table S5. Quantitative information on oxygen-containing functional groups (mmol/g)

Total

Total

Leaves Carboxylic  Phenolic Lactonic acid  basic Reference

Jamun 1.99 0.003 0.001 1.99 —  Rehmanetal., 2014

Castor — — — 4,75 —  Makeswari and Santhi, 2014
Tea industry waste 1.03 0.98 0.46 2.47 —  Gundogdu et al., 2013

Raw lawny — — — 6.20 1.70 Chenetal.,2011b

Esparto grass 0.58 0.96 0.030 157 040 Lafietal., 2015

Tea 1.03 0.98 0.46 2.47 —  Gundogdu et al., 2013
Treated-globe artichoke 3.71 3.85 2.30 9.85 2.82 Kahina and Nasser, 2017
Treated-lawny grass — — — 0.75 225 Chenetal., 2011b

Palm 0.85? 0.65? 2.80% 430% —  AbuAl-Rub, 2006

Note: (meq H*/100g)
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Table S6. pH at the point of zero charge (pHprzc) of leaf-based biosorbents

Leaves pHezc Ref. Leaves pHpzc Ref.
Roxburgh fig 8.00 1) Arborvitae 5.30 (27)
Sacred fig 7.59 (2) Brazilian orchid 5.24 (28)
Jambolan 7.53 (3) Castor 5.06 (29)
Gulmohar 7.50 4) Hardy catalpa 4.75 (30)
Modified boxwood 7.10 (5) Grey nicker 451 (31)
Hybrid plane 7.00 (6) Grey nicker 4.50 (32)
Weeping willow 6.98 (7) Gum arabic 4.42 (33)
Neem 6.94 (8) Judas 441 (34)
Mango 6.82 9) Tea waste 4.20 (35)
Ash 6.41 (10) Boston fern 4.01 (36)
Chinese ash 6.40 (11) Jackfruit 3.91 (37)
Esparto grass 6.30 (12) Australian pine 3.60 (38)
Jackfruit 6.24 (13) Eggplant 3.52 (39)
Cauliflower 6.23 (14) Tomato 3.50 (40)
Drago 6.21 (15) Pineapple 2.81 (41)
Reed 6.20 (16) Maguey 2.60 (42)
Terap 6.20 a7 Drumstick 3.72 (43)
Carrot 6.10 (18) NaOH-treated terap 8.10 (44)
Ashoka 6.10 (19) NaOH-treated weed 7.34 (45)
Bamboo 6.00 (20) H2SOgs-treated rubber 7.22 (46)
Camphor 591 (21) Ca(OH)2-treated maize 551 47)
Potato 5.90 (22) NaOH-treated Kush grass 5.50 (48)
Rubber 571 (23) NaOH-treated bamboo 5.00 (49)
Hornbeam 5.70 (24) NaOH-treated persimmon 3.30* (50)
Treated Potato 5.50 (25) Pineapple 2.30% (51)
Treated Labill 5.30 (26) Black tea 2.40% (52)

Note: *pHiep (pH at the isoelectric point ).

References: (1) Rangabhashiyam et al., 2015, (2) Rao et al., 2011b, (3) Rao et al., 2010c, (4) Ponnusami et al., 2009b, (5)
Zolgharnein et al., 2017b, (6) Kong et al., 2015, (7) Khodabandehloo et al., 2017, (8) Singha and Das, 2012, (9) Nag et al., 2017, (10)
Zolgharnein et al., 2016, (11) Javad et al., 2017, (12) Lafi et al., 2015, (13) Nag et al., 2017, (14) Ansari et al., 2016a, (15) Mahmoud
et al., 2016, (16) Markou et al., 2016b, (17) Lim et al., 2016b, (18) Kushwaha et al., 2014b, (19) Gupta et al., 2012b, (20) Mondal et
al., 2013, (21) Chen et al., 20103, (22) Gupta et al., 2016b, (23) Hanafiah and Ngah, 2009, (24) Zolgharnein et al., 2013a, (25) Mambo
et al., 2016, (26) Yang and Hong, 2018a, (27) Shi et al., 2016b, (28) Jorgetto et al., 2015, (29) Makeswari and Santhi, 2014, (30)
Zolgharnein et al., 2015, (31) Yuvaraja et al., 2012, (32) Yuvaraja et al., 2012, (33) Prasad and Thirumalisamy, 2013, (34)
Zolgharnein et al., 2013b, (35) Mozumder et al., 2008, (36) Rao and Khan, 2017, (37) Saha et al., 2012a, (38) Khan Rao and Khatoon,
2017, (39) Yuvaraja et al., 2014, (40) Gutha et al., 2015, (41) Ponou et al., 2011, (42) Hamissa et al., 2010, (43) Reddy et al., 2012,
(44) Lim et al., 2016b, (45) Hanafiah et al., 2009b, (46) Nag et al., 2017, (47) Jalil et al., 2012h, (48) Pandey et al., 2015b, (49)
Pandey et al., 2015b, (50) Ruiyi et al., 2016, (51) Weng et al., 2009, (52) Weng et al., 2014a.
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Table S7. Zeta potential of leaf-based biosorbent at a given solution pH

Leaves ¢-Potential (mV) pH References

Strawberry —-30.0 5.8 Liuetal., 2010a
Boston ivy =274 5.8 Liuetal., 2010a
Southern magnolia -32.3 5.8 Liuetal., 2010a

Poplar —24.4 5.8 Liuetal., 2010a

Green honey myrtle —6.77 7.0 Kuppusamy et al., 2016
Treated persimmon —6.12 5.0 Ruiyi et al., 2016
Tobacco leaves —20.5 5.0 Qi and Aldrich, 2008
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Table S8. Comparison of maximum adsorption capacity (Q°max, mg/g) of pristine biosorbent

calculated from the Langmuir model (single component)

Experimental conditions

Leaves — t - T Corange (?n;”};X) References

QL) () () (mg/L)
Copper—Cu(II)
Castor 4.0 2.0 — 50 50-200 250 Makeswari and Santhi, 2014
Neem 1.0 2.0 60 5-6 100-1000 146 Ang et al., 2013
Paper mulberry 10 2.0 30 5.0 10-500 127 Nagpal et al., 2011
Sugar maple 1.0 5.0 RT 5.0 15-150 126 Amirnia et al., 2016
Teak 3.33 3.0 RT 50 20-100 95.4 King et al., 2006
Sunflower 2.0 7.0 25 50 20-500 89.4 Benaissa and Elouchdi, 2007
Saltbush 5.0 1.0 25 5.0 5-50 67.9 Sawalha et al., 2007
Grey nicker 1.4 2.0 30 5.0 5-125 58.8 Yuvaraja et al., 2012
Tea waste 5.0 6.0 22 55 25-200 48.0 Amarasinghe and Williams, 2007
Neem 0.5 2.0 30 55 10-50 33.3 Bhattacharyya et al., 2010
Sugar maple 4.0 1.0 RT 5.0 15-150 27.8 Amirnia et al., 2016
Neem 15 2.0 30 55 10-50 251 Bhattacharyya et al., 2010
Papaya 2.0 1.0 RT 6.0 10-50 24.6 V. and Misra, 2018
Phoenix 0.5 084 RT 6.0 10-50 20.2 Yuetal., 2015
Tea waste 1.0 3.0 25 50 5-50 18.5 Cekim et al., 2015
Tomato 1.0 0.5 25 4.0 10-60 17.2 Cekim et al., 2015
Camphor 2.0 1.0 30 4.0 5-150 16.8 Boparai et al., 2011
Mango 5.0 4.0 RT 5.0 10-80 15.6 Sheen et al., 2013
Teak 3.3 3.0 RT 5.0 20-100 154 Prasanna Kumar et al., 2006
Tehran pine 10 1.0 RT 4.0 10-1000 15.3 Asgarzadeh et al., 2016
Brazilian orchid 11 0.5 25 5.0 1-480 151 Jorgetto et al., 2015
Cabbage waste 5.0 2.0 RT 6.0 1-500 12.9 Hossain et al., 2014a
Common fig — — — — — 12.9 Batool et al., 2017
Judas 5.0 2.0 RT 4.0 5-1000 9.35 Salehi et al., 2008
Judas 10 6.0 RT 4.0 5-1000 9.35 Salehi et al., 2008
Pineapple 0.2 1.0 27 5.0 5-160 9.28 Weng et al., 2009
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Arborvitae 2.0 5.0 30 55 5-30 7.94  Shietal., 2016a

Cabbage 10 2.5 25 6.0 10-100 5.75 Kamar Firas et al., 2017
Devdaru 5.0 066 25 6.0 30-80 1.71 Rehman et al., 2013
Lead—Pb(II)

Maple 0.05 3.0 20 6.0 1-500 126 Hossain et al., 2014b

Bael 4.0 0.5 30 51 8.7-180 125 Chakravarty et al., 2010
Hardy catalpa 18.9 1.0 25 5.0 10-1000 120 Zolgharnein et al., 2015
Neem 0.8 3.0 25 50 50-150 119 Bhattacharyya and Sharma, 2004
Paper mulberry 10.0 2.0 30 55 10-500 84.7 Nagpal et al., 2011
Camphor 1.0 2.0 30 5.0 50-400 73.2 Chen et al., 2010b

Phoenix 5.0 240 30 50 100 71.0 Liang et al., 2016

Maple 0.5 3.0 20 6.0 1-500 66.7 Hossain et al., 2014b

Tea waste 5.0 6.0 22 55 25-200 65.1 Amarasinghe and Williams, 2007
Cabbage waste 5.0 2.0 RT 6.0 1-500 61.3 Hossain et al., 2014a
Cabbage waste 5.0 3.0 RT — 1-500 60.6 Hossain et al., 2014d
Mistletoe 2.0 2.5 30 55 10-210 59.7  Van Suc and Son, 2016
Eggplant 0.4 1.75 30 50 30-90 55.6 Yuvaraja et al., 2014
Maple 1.0 3.0 20 6.0 1-500 50.3 Hossain et al., 2014b
\?Vzls‘t';ﬂo""er 50 30 RT —  1-500 476 Hossain etal., 2014d
Arborvitae 2.0 5.0 30 55 5-30 43.7 Shi et al., 2016b
E:;ig?;ﬁgum 10 05 25 40 150 419  Edokpayi etal., 2015
Tropical-almond 2.5 300 30 20 20-300 41.8 Ramakul et al., 2012
Maguey 5.0 0.5 20 5.0 20-300 40.0 Hamissa et al., 2010
Secred fig 5.0 1.0 25 4.0 10-1000 37.5 Qaiser et al., 2009
Arborvitae 2.0 5.0 30 55 5-30 35.8 Shi et al., 2016a

Fig 5.0 133 30 6.0 5-200 344 Farhan et al., 2013b

Fig 5.0 133 30 6.0 10-200 34.3 Farhan et al., 2013a
Jambolan 3.3 1.0 30 6.0 20-100 32.5 King et al., 2007

Hairy fig 3.3 1.0 30 6.0 20-100 32.4 Namdeti and Pulipati, 2014
Tea waste 1.0 3.0 25 50 5-50 26.9 Wan et al., 2014
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Chickpea 3.0 2.0 30 6.0 50-200 25.6 Nadeem et al., 2006
Neem 10.0 2.0 30 50 5-300 22.3 Singha and Das, 2012
Palm 5.0 1.5 25 45 180 20.1 Al-Haidary et al., 2011b
Black tea 10.0 3.0 RT 50 1-50 19.7 Mohammed et al., 2016
Tehran pine 10.0 1.0 RT 4.0 10-1000 19.7 Asgarzadeh et al., 2016
Common fig — — — — — 17.9 Batool et al., 2017
Neem 8.3 2.0 27 4.0 10-300 13.5 Babarinde, 2016

Judas 10.0 6.0 RT 4.0 5-1000 125 Salehi et al., 2008
Judas 5.0 2.0 RT 4.0 5-1000 12.4 Salehi et al., 2008
Yerba mate 5.0 160 25 3.0 0.5-100 12.3 Copello etal., 2011
Cashew 1.5 2.0 30 4.0 10-140 11.6 Raju et al., 2013
Papaya 15 1.0 30 40 10-140 11.1 Raju et al., 2013

Star pine 20.0 2.0 30 5.0 30.17 7.66 Sarada et al., 2013b
Star pine 20 2.0 30 5.0 11-105 7.65 Sarada et al., 2013a
Cabbage 10 2.5 25 6.0 10-100 3.61 Kamar Firas et al., 2017
Ashok 4.0 0.5 25 65 1-100 3.23 Goyal et al., 2008
Southern cattail 10 2.0 25 25 1-30 0.65  Abdel-Ghani et al., 2009
Cadmium—Cd(Il)

Neptune grass 1.0 1.0 20 7.0 75-200 117 Kaouah et al., 2014

Fig 2.0 4.0 25 6.0 5-1000 103 Benaissa, 2006

Sesame 3.33 0.5 25 55 2-1000 84.7  Cheraghi et al., 2015
Neptune grass 2.0 3.0 25 6.0 25-1000 77.6 Meseqguer et al., 2016
Loquat 0.4 1.0 30 6.0 10-40 48.8 Awwad and Salem, 2014
Mistletoe 2.0 2.5 30 55 10-210 44.8 Van Suc and Son, 2016
Tropical-almond 5.0 0.5 30 55 50-500 35.8 Rao, 2010

Jambolan 5.0 0.5 30 55 50-500 345 Rao et al., 2010c
Jambolan 5.0 0.5 30 55 50-500 34.5 Rao et al., 2010c
Jambolan 5.0 0.5 30 55 50-500 345 Rao et al., 2010c

Guava 5.0 0.5 30 5.5 50-500 31.2 Rao et al., 2010a

Fig 5.0 133 30 50 10-200 30.3 Farhan et al., 2013a

Fig 5.0 133 30 6.0 5-60 30.3 Farhan et al., 2013b
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Teak 20.0 0.5 30 55 50-1000 29.9 Rao et al., 2010b
Loquat 4.0 1.0 30 6.0 5-60 29.2 Al-Dujaili et al., 2012
Loquat 4.0 1.0 30 6.0 5-60 29.2 Al-Dujaili et al., 2012
Jambolan 50.0 1.0 RT 55 50-150 29.1 Rao et al., 2011a

Giant reed 2.5 2.0 25 55 5-50 27.9 Ammari, 2014

Sacred fig 5.0 0.5 30 55 50-500 27.1 Rao et al., 2011b

Paper mulberry 10.0 2.0 30 6.5 10-500 26.1 Nagpal et al., 2011
Cabbage waste 5.0 2.0 RT 6.0 1-500 22.1 Hossain et al., 2014a
Loquat 4.0 1.0 30 6.0 5-60 21.3  Al-Dujaili et al., 2012
fvzlsjt';ﬂower 50 30 RT — 1500 213 Hossain etal., 2014d
Cabbage waste 5.0 3.0 RT — 1-500 20.6 Hossain et al., 2014d
Guava 5.0 1.0 30 6.7 20-100 17.2 Abdelwahab et al., 2015
Phoenix 0.5 084 RT 6.0 10-50 16.3 Yuetal., 2015
Urticaceae 5.0 117 27 65 10-50 13.8 Bose et al., 2016
Common fig — — —  — — 12.8 Batool et al., 2017
Brazilian orchid  11.0 0.5 25 5.0 1-480 12.7 Jorgetto et al., 2015
Maguey 5.0 0.5 20 5.0 20-160 125 Hamissa et al., 2010
Cabbage 10.0 2.5 25 6.0 10-100 5.07 Kamar Firas et al., 2017
Yerba mate 3.0 — 28 538 4.5-100 4.48 Cukierman, 2007
Neem 8.3 2.0 27 4.0 10-300 1.89 Babarinde, 2016
Cypress 13.3 48 22 65 0.5-20 1.43 Al-Subu, 2002

Pine 13.3 48 22 6.5 0.5-20 0.11 Al-Subu, 2002
Cinchona 13.3 48 22 6.5 0.5-20 0.10 Al-Subu, 2002
Nickel—Ni(ll)

Tomato 0.4 3.0 30 55 30-90 47.6 Gutha et al., 2015
Golden shower 1.0 4.0 30 6.0 25-800 34.6 Hanif et al., 2007

Teak 60 1.0 30 50  25-200 17.8 gg;‘ﬁﬂi‘j&:ﬁ%o 6
Jackfruit 2.0 3.0 30 56 20-100 12.7 Boruah et al., 2015
Tehran pine 10.0 1.0 RT 4.0 10-1000 10.5 Asgarzadeh et al., 2016
Common fig — — — — — 104 Batool et al., 2017
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Neem 0.5 2.5 30 56 10-50 9.10 Bhattacharyya et al., 2009
Jamun 16.0 2.0 30 50 30-80 6.01 Rehman et al., 2014
Judas 5.0 2.0 RT 4.0 5-1000 4.68 Salehi et al., 2008
Deydaru 5.0 066 25 5.0 30-80 4.08 Rehman et al., 2013
Coconut 4.0 4.0 27 8.0 5-27 0.073 Gowdaetal., 2012
Zinc—Zn(ll)

Neem 1.5 6.0 25 40 25-800 147 Arshad et al., 2008
Jambolan 3.3 0.5 RT 6.0 20-100 35.8 King et al., 2008
Saltbush 5.0 1.0 25 50 5-50 32.7 Sawalha et al., 2007
Teak 3.3 3.0 30 5.0 20-100 16.4 Kumar et al., 2006
Phoenix 0.5 0.84 RT 6.0 10-50 15.3 Yuetal., 2015

Palm 2.0 0.5 25 55 20-300 14.6 Abu Al-Rub, 2006
Indian coral 20 1.0 30 45 25-250 12.7  Venkateswarlu et al., 2008
Cabbage waste 5.0 2.0 RT 6.0 1-500 10.9 Hossain et al., 2014a
Common fig — — —  — — 7.99 Batool et al., 2017

Bael 40 0.5 25 50 10-50 2.08 Kumar et al., 2009
Southern cattail 10 2.0 25 25 5-32 0.2 Abdel-Ghani et al., 2009
Mercury—Hg(ll)

Adulsa 10.0 066 30 6.0 25-100 108 Aslam et al., 2013
Castor 2.5 1.0 RT 5.5 5-100 37.2 Al Rmalli et al., 2008
Chinese ash — 05 RT 44  50-300 295 éﬁ;ﬁ;’:i&?;”odm
Bamboo 4.0 1.0 27 80 100-250 27.1 Mondal et al., 2013
Rambai 2.0 6.0 30 6.0 5-120 6.48  Senetal., 2011
Phragmites karka 10.0 1.0 25 6.0 10-60 1.79 Raza et al., 2015
Hexavalent chromium—Cr(VI)

Used black tea 0.1 48 25 154 50-250 455 Hossain et al., 2005
Sakura 0.2 48 35 1.0 5-500 362 Qietal., 2016

Mango 0.25 2.0 30 20 10-300 178 Saha and Saha, 2014
Sakura 2.0 — RT 1.0 5-500 148 Wenfang et al., 2015
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Neem 14.0 3.0 30 55 7-25
Tobacco 10.0 1.0 25 1.0 50-1000
Tobacco 10.0 1.0 25 1.0 50-100
Neem 10.0 3.0 30 55 7-25
Tea waste 2.5 8.0 30 20 90-160
Gum arabic 8.0 15 RT 6.0 106-176

Green honey 5.0 30 24 170 100-500

myrtle

Mangrove 4.0 — 25 20 50-400
Purple secretia 10.0 — 30 20 50-200
Purple secretia 10.0 5.0 30 20 50-200
Tamarind 4.0 2.0 30 6.0 200-1000
Tobacco 10.0 1.0 25 20 50-1000
Taro 1.6 2.0 30 20 20-100
Mould 4.0 240 25 20 10-1000
Neem 6.0 3.0 30 55 7-25
Mango 2.0 4.0 30 20 10-100
Green tea 16.0 3.0 30 20 5-500
Lechuguilla — 120 22 20 5-40
Jackfruit 2.0 4.0 30 20 10-100
Rubber 10.0 1.0 25 30 50-1000
Tobacco 10.0 1.0 25 3.0 50-1000
Neem 2.0 3.0 30 55 7-25
Tobacco 10.0 1.0 25 6.0 50-1000
Neem 14.0 3.0 30 55 7-25
Bamboo 5.0 4.0 30 20 10-100
Yerba mate 5.0 160 25 20 0.5-100

Roxburgh fig 5.0 2.0 25 20 20-100

Dune guarrie 20.0 1.0 RT 56 5-20
Golden shower 5.0 6.0 30 2.0 30-40
Tiger’s claw 50.0 3.0 30 2.85 20-180

146

125
113
83.6
73.1
69.4

62.5

60.2
54.0
53.9
50.7
50.5
47.6
43.1
38.0
35.7
34.6

33.2

32.2
22.9
22.8
19.5
14.6
14.4
10.8
8.80
6.80
3.94
3.84
1.92

Sharma and Bhattacharyya,
2005

Chen et al., 2009
Chen et al., 2009

Sharma and Bhattacharyya, 2005

Mozumder et al., 2008

Prasad and Thirumalisamy, 2013

Kuppusamy et al., 2016

Sathish et al., 2015
Sinha et al., 2015a

Sinha et al., 2015b
Muthulaksmi et al., 2016
Chen et al., 2009
Nakkeeran et al., 2016

Sharma and Forster, 1994

Sharma and Bhattacharyya, 2005

Nag et al., 2017

Jeyaseelan and Gupta, 2016b

Romero-Gonzélez et al.,
2005

Nag et al., 2017

Nag et al., 2016
Chen et al., 2009

Sharma and Bhattacharyya, 2005

Chen et al., 2009

Sharma and Bhattacharyya, 2005

Nag et al., 2017

Copello et al., 2011

Shi et al., 2016a

Gebrehawaria et al., 2015

Ahmad et al., 2017a

Aditya et al., 2012
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Henna 3.0 15 35 6.0 5-100 0.078 Shanthi and Selvarajan, 2013

Trivalent chromium—Cr(III)

Yerba mate 5.0 160 25 3.0 0.5-100 11.8 Copello etal., 2011
Common fig — — — — — 8.35 Batool et al., 2017
Neem 8.3 2.0 27 4.0 10-300 4.27 Babarinde, 2016
Jamun 12.0 0.5 30 4.0 30-80 3.82 Rehman et al., 2014
Ashoka 40.0 025 30 3.0 50-300 1.83 Anwar et al., 2011

Arsenite—As(III)

Guava 4.0 8.0 30 8.0 50-250 2.59 Kamsonlian et al., 2012b
Rohida 3.74 0.71 — 756 200-600 0.05 Brahman et al., 2016

Arsenate—As(V)

Chir pine 20.0 0.5 25 4.0 5-30 3.27 Shafique et al., 2012
Guava 4.0 8.0 30 4.0 50-250 3.25 Kamsonlian et al., 2012b
Rohida 3.60 0.72 — 548 200-600 0.12 Brahman et al., 2016

Ammonium—(NH,4*)

Strawberry 8.0 18 30 — 25-1000 6.71 Liu et al., 2010a
Magnolia 8.0 18 30 — 25-1000 6.22 Liu et al., 2010a
Boston ivy 8.0 18 30 — 25-1000 6.07 Liu et al., 2010a
Strawberry 8.0 24 25 — 25-1000 6.05 Liu et al., 2010d
Boston ivy 8.0 14 25 — 25-1000 5.28 Liu et al., 2010b
Cactus 5.0 2.0 20 6.0 10-50 258  Wahab etal., 2012

Cobalt—Co(II)

Vilvanathan and

Teak 6.0 1.0 30 50 25-200 29.5 Shanthakumar, 2016
Common fig — — — — — 114 Batool et al., 2017
Arborvitae 2.0 5.0 30 55 5-30 6.78 Shi et al., 2016a

Banyan 25.0 2.0 RT 5.0 5-150 5.65 Hymavathi and Prabhakar, 2017
Deydaru 5.0 066 25 6.0 30-80 3.99 Rehman et al., 2013
Tiger’s claw 40.0 2.0 30 7.2 25-200 2.71 Vijaya Lakshmi et al., 2008

Lanthanum—La(III)
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Oriental plane 2.0 1.0 25 40 25-300 28.7 Sert et al., 2008

Calabrian pine 4.0 0.5 30 5.0 25-300 22.9 Kitahyali et al., 2010
Cerium

Oriental plane 2.0 1.0 25 4.0 25-300 32.1 Sert et al., 2008
Calabrian pine 4.0 025 30 50 25-300 17.2 Kitahyali et al., 2010

Zirconium—Zr(IV)

Platanaceae 5.0 0.66 25 3.0 2-500 295 Boveiri Moniji et al., 2008

Hafnium—Hf(IV)

Platanaceae 5.0 0.66 25 3.0 2-500 14.7 Boveiri Moniji et al., 2008

Uranium—U(VI)

Banyan 5.0 1.0 30 30 10-400 346  Xiaetal., 2013

Neptune grass 2.5 0.5 25 3.0 1-25 9.81 Aydin et al., 2012

Poplar 10.0 4.0 25 4.0 1-10 2.3 Al-Masri et al., 2010

Platinum

Tropical-almond 2.5 300 30 20 20-300 22.5 Ramakul et al., 2012

Methylene blue dye

Lotus 1.0 4.0 20 7.0 30-200 222 Han et al., 2011

Gulmohar 0.5 — — 75 50-200 186 Ponnusami et al., 2009a

Cabbage 1.0 — RT 9.0 10-200 149 Ansari et al., 2016b

Pine tree 0.3 4.0 30 92 10-80 127 Yaqgub et al., 2012

Phoenix 16 117 60 120  20-180 115 Ez‘l’:jsi‘;z? azr(‘)igahbar

Lawny grass 1.0 4.0 — 57 40-320 103 Chenetal., 2011c

Bael 0.6 033 30 6.7 10-50 100 Baruah et al., 2017

Plane 2.5 7.0 30 7.0 50-500 99.0 Kong et al., 2015

Ashoka 2.0 0.5 30 6.0 10 90.9 Gupta et al., 2012a

Phoenix tree 2.0 3.0 22 7.0 30-180 80.9 Han et al., 2007

Acer tree 50 067 — 27 928 pop  Zodhamein and Bagtash,
2015

Carrot 2.0 0.5 30 70 10-50 66.6 Kushwabha et al., 2014a
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Weeping willow 2.0 2.0 23 7.0 20-200 61.0 Khodabandehloo et al., 2017
Plane 18.0 1.0 25 6.4 1000 55.5 Zolgharnein et al., 2010
Water bamboo 2.0 1.0 10 6.75 50-250 54.2 Zhu et al., 2016

Potato 2.0 0.42 30 7.0 10 52.6 Gupta et al., 2016a

Date palm 10.0 267 30 65 200 43.1 Gouamid et al., 2013
Malachite green dye

Lotus 1.0 7.0 20 45 30-200 114 Han et al., 2014

Ashoka 2.0 0.5 30 6.0 10 83.3 Gupta et al., 2012a

Plane 25 7.5 25 — 50-500 77.5 Hamdaoui et al., 2008
Cattail 25 4.0 25 40 50-500 72.3 Guechi and Hamdaoui, 2013
Carrot 2.0 0.5 30 7.0 10 52.6 Kushwaha et al., 2014a
Potato 2.0 0.42 30 7.0 10 33.3 Gupta et al., 2016a
Crystal violet dye

Pineapple 1.0 3.0 30 8.0 10 159 Neupane et al., 2015
Pineapple 20.0 3.0 30 80 20-100 78.2 Chakraborty et al., 2012
Esparto grass 2.0 2.5 25 7.0 20-100 43.5 Lafi et al., 2015

Jackfruit 10.0 2.0 20 7.0 20-100 43.4 Saha et al., 2012b

Sodom apple 10.0 1.0 20 — 10-50 4.14 Ali and Muhammad, 2008
Amaranth dye

Water hyacinth 1.0 7.0 18 20 10-500 70.6 Guerrero-Coronilla et al., 2015
Basic Red 46 dye

Pine 1.0 1.25 45 6.0 20-100 71.9 Deniz and Karaman, 2011
Princess 1.0 1.17 25 8.0 20-100 431 Deniz and Sayqgideger, 2011
Methyl violet dye

Platanus 011 10 25 30 500-2500 555  Zolgharnein et al., 2014
carpinifolia

Neptune grass 3.33 1.0 25 6.0 10-300 82.7 Cengiz and Cavas, 2010
Remazol Brilliant Blue R dye

Pineapple 1000 240 RT — 500 42.2 Rahmat et al., 2016
Methyl violet 2B dye
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Terap 2.0 4.0 RT — 500-1000 140 Lim et al., 2016a

Direct Blue-15 dye

Papaya 0.5 075 30 7.0 25 3.98 Rehman et al., 2017
Grey BL dye

Mango 1.0 5.0 27 7.0 50-1000 33.7 Murugan et al., 2010
Naphthalene

Spent tea leave 20.0 2.0 45 6.0 100-400 23.81 Aqgarryetal., 2013
Brilliant Green Dye

Ashoka 2.0 0.5 30 6.0 10 125 Gupta et al., 2012a
Jambolan 60.0 033 50 3.0 30-80 4,739 Rehmanetal., 2012

Neem 0.4 4.0 27 6.5 10-50 — Bhattacharyya and Sarma, 2003
Ibuprofen

Fallopia x 5.0 240 20 — 10-800 38.2  Mucha and Mucha, 2017
bohemica

Acetylsalicyic acid

Fallopia x 5.0 240 20 — 10-1000 173 Muchaand Mucha, 2017
bohemica

Basic Green 4 dye

Pineapple 5.0 2.5 35 9.0 10-100 56.6 Chowdhury et al., 2011
Acid orange 52 dye

Princess 0.1 3.0 25 2.0 10-100 10.5 Deniz and Sayqgideger, 2010
Auramine dye

Psium guava 40.0 2.0 30 9.0 50-150 7.76 Gaikwad and Kinldy, 2009
Direct solophenyl brown AGL dye

Neptune grass 20.0 240 30 20 10-100 5.24 Ncibi et al., 2006
Reactive cibacron red FNR dye

Neptune grass 20.0 240 30 5.0 10-100 9.62 Ncibi et al., 2006
Remazol blue RR dye

Neem 50.0 — 60 10.0 50-2000 33.9 Immich et al., 2009

28



Acid blue 193 dye

Parthenium — 240 — 8.66 10-100 10.65 Purai and Rattan, 2012
Fluoride

Neem 1.0 1.0 30 6.8 3-15 9.5 Bharali and Bhattacharyya, 2015
Rhodamine B dye

Ashoka 2.0 0.5 30 6.0 10 66.6 Gupta et al., 2012a
Eosin

Esparto grass 2.0 2.5 25 7.0 20-100 40.0 Lafi et al., 2015
Eucalyptus 1.0 0.5 25 4.0 5-1000 145 Rostami and Niazi, 2013

Acid green 25 dye

Almond 14.0 55 30 2.0 50-200 22.7 Jain and Gogate, 2018
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Table S9. Comparison of maximum adsorption capacity (Q°max, mg/g) of modified/treated

biosorbent calculated from the Langmuir model (single component)

Experimental conditions

Leaves Chemicals Q°max  References
m\V t T oH Co range (mglg)
@L) () (O (mo/L)

Copper—Cu(II)
Drumstick NaOH, citric acid 0.4 20 30 50 10-1000 151 Reddy et al., 2012
Tea waste NaOH 0.4 10 26 42 — 43.6 Weng et al., 2014a
Phoenix PMDA 0.5 0.84 RT 6.0 10-50 31.3 Yu etal., 2015
Lamiaceae NaOH 1-8 1.0 RT 55 50 20.3 Kilic et al., 2009
Lamiaceae NaOH 2.0 1.0 30 55 20-200 20.3 Kilic and Solak, 2009
Boxwood NaOH 18 — 50 50 18.8 Zolgharnein et al., 2017a
Sacred fig HNO3 100 10 33 44 5-500 18.1 Kazmi et al., 2015
Rubber NaOH 2.0 1.0 27 40 5-50 14.9 Ngah and Hanafiah, 2008
Weed NaOH 2.0 — 27 — 5-20 10.3 Hanafiah et al., 2009a
Rubber H,SO4, HCHO 2.0 15 27 40 5-50 8.36 Ngah and Hanafiah, 2009
Spent tea CaOH; — —_ = = = 7.81 Ghosh et al., 2015
Henna HsSOs 30 15 35 60 5100  3.65 Sg‘i‘gth' and Selvarajan,
Lead—Pb(II)
Drumstick NaOH, citric 0.4 1.0 30 50 10-1000 196 Reddy et al., 2012
Camphor NaOH, alcohol, — 05 RT 50 50-1200 186  Wangetal, 2016

succinic anhydride
Rubber Monosodium glutamate 2'4_ 20 24 50 20-60 110 Fadzil et al., 2016
Rubber Citric acid 2'4_ 20 24 50 20-60 97.2 Fadzil et al., 2016
Sacred fig Polysulphone, n,n- 50 10 25 53 10-1000 37.5  Qaiser etal., 2009

dimethyl-formamide
Chinaberry NaOH 3.0 10 RT 70 25 35.1 Khokhar et al., 2015
Chinaberry HCI 3.0 10 RT 70 25 28.5 Khokhar et al., 2015
Sacred fig HNO: 04 10 30 58 10-1000 175 Qaiser et al., 2007
Cadmium—Cd(II)
Drumstick NaOH, citric acid 0.4 20 30 50 10-1000 166 Reddy et al., 2012
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Phoenix PMDA 05 084 RT 6.0 10-50 28.3 Yuetal., 2015
Bamboo NaOH 1.0 10 25 65 10-150 19.7 Pandey et al., 2015a
Kush grass NaOH 10 10 25 65 10-150 15.2 Pandey et al., 2015a
Nickel—Ni(II)
Drumstick NaOH, citric acid 0.4 20 30 5.0 10-1000 149 Reddy et al., 2012
Tea waste Formaldehyde 2.6 15 RT 7.0 0.01-15 121 Shah et al., 2015b
White nenuphar MgCl, 20 20 20 6.5 5-100 118 Zahedi et al., 2015
Tea waste Fe:Osnanoparticle 50 30 30 40 50100 383  olcereiemetal
Boxwood NaOH 18 —  — 50 50 22.3 Zolgharnein et al., 2017a
Zinc—Z7Zn(1II)
Phoenix PMDA 05 084 RT 6.0 1050 27.3 Yuetal., 2015
Sacred fig HNO:3 100 10 33 52 5-500 24.9 Kazmi et al., 2015
Boxwood NaOH 18 — — 50 50 21.2 Zolgharnein et al., 2017a
Mercury—Hg(1I)
Bastard teak NaOH, CaCl, 4.0 30 RT 6.0 150 95.4 Devani et al., 2015
Bastard teak NaOH, CaCl, 4.0 30 RT 6.0 100 88.7 Devani et al., 2015
Hexavalent chromium—Cr(VI)
London plane HNO:3 20 72 30 3.0 53-316 75.8 Aoyama, 2003c
52.82-
London plane HNO; 2.0 72 30 3.0 75.7 Aoyama, 2003b
315.58
Black locust HNO3 2.0 48 30 3.0 5-300 51.6 Aoyama et al., 2000a
Neem HCI 100 72 30 2.0 20-700 62.9 Babu and Gupta, 2008
Rubber H2S04 50 40 30 2.0 10-100 29.8 Nag et al., 2017
Sacred fig HNO; 100 10 30 52 10-1000 26.3 Qaiser et al., 2007
Ficus nitida H,S0, 80 042 25 40 50-200 21.0 Ali and Alrafai, 2016
Japanese red pine HNO3 20 24 30 3.0 1-100 145 Aoyama et al., 1999a
Lettuce NaOH 100 50 40 7.0 10-90 7.15 Lietal., 2014
Mangrove H>SO., NaOH 100 60 30 7.0 10-150 5.72 Elangovan et al., 2008
Trivalent chromium—Cr(III)
Mangrove H,SO4, NaOH 100 6.0 30 5.0 10-150 6.54 Elangovan et al., 2008
Arsenic—As(II1)
Devdaru HCI 1.0 20 30 75 15 1.51 Choudhary, 2015
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Cerium

Calabrian pine Citric acid 05 075 40 40 10-90 62.1 Kiitahyali et al., 2012

Uranium—U(VI)

Sotetsu DETA 04 20 25 82 5-30 0.91 Xiao et al., 2016

Vanadium

Neptune grass HCI 100 05 RT 3.0 20-40 16.0 Pennesi et al., 2013

Molybdenum

Neptune grass HCI 100 05 RT 3.0 20-40 18.0 Pennesi et al., 2013

Methylene blue dye

Lawny grass Citric acid 10 40 — 57 40-320 301 Chenetal., 2011c

Fig Fes;04 nanoparticle 35 05 — — 4 61.7 Alizadeh et al., 2017

Pineapple Hexadecyltrimethylam o 54000 526  Kamaruetal, 2016
monium bromide

Azolla Fes04 3.5 05 RT — 4 25.1 Alizadeh et al., 2017

Malachite green dye

Labil Ammonia, lauric acid — — 30 10.0 100-500 370 Yang and Hong, 2018b

Maize CaOH; 25 05 50 6.0 10-200 81.5 Jalil et al., 2012a

Crystal violet dye

Phoenix trees NaOH 1.0 11.0 30 80 100-1000 662 Ren et al., 2015

Fig Fe;04 nanoparticle 25 10 — — 4 53.5 Alizadeh et al., 2017

Azolla FesO4 nanoparticle 15 10 — — 4 30.2 Alizadeh et al., 2017

Acid violet 17 dye

Cluster fig NaOH, H,SO4 3.0 40 30 2.0 50-200 111 Jain and Gogate, 2017d

Methyl orange dye

Pineapple Hexadecyltrimethylam —_—»,  pp 54000 476  Kamaruetal, 2016
monium bromide

Methyl violet 2B dye

Terap NaOH 20 40 RT — 500-1000 1004 Lim et al., 2016a

Direct Blue-15 dye

Tea Acetone 10 067 40 30 25 90.9 Rehman et al., 2017

Acid Blue 25 dye

Cluster fig NaOH 40 30 50 20 50-400 83.3 Jain and Gogate, 2017a
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Pyrocatechol violet dye

Black locust NaCl — 0.83 22 1.82 38.28 82.6 Khorshidi and Niazi, 2016

Brilliant green dye

Jambolan NaOH 60.0 0.33 50 3.0 30-80 5.13 Rehman et al., 2012

Jambolan HCI 60.0 0.33 50 3.0 30-80 0.17 Rehman et al., 2012

Acid blue 113 dye

Almond Surfactant CTAB 100 25 20 65 50-200 971  Jainand Gogate, 2017h
C19H4zBrN

Almond NaOH 100 25 20 6.5 50-200 255 Jain and Gogate, 2017b

Congo red dye

Labil Ammonia, lauric acid — — 30 20 100-500 37.2 Yang and Hong, 2018b

Orthophosphate

Kush grass CaOH; 4.0 24 25 7.0 125-200 123 Markou et al., 2016b

Kush grass CaOH: 40 24 25 7.0 50-200 12.2 Markou et al., 2016a

Acid green 25 dye

Almond NaOH 6.0 55 30 2.0 50-200 46.6 Jain and Gogate, 2018
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Table S10. Some common inorganic salt used for the effect study of ionic strength

Inorganic salt Adsorbate Reference

NaCl Acid blue 113 Jain and Gogate, 2017b

NaCl Methylene blue, malachite green  Sangi et al., 2008

NaCl Methylene blue Ansari et al., 2016a; Han et al., 2007; Han et al.,
2011

NaCl Acid blue 45 and acid black 1 Maleki et al., 2017

NaCl Heavy metal Rao et al., 2011b; Ruiyi et al., 2016; Srinivasa Rao et
al., 2010

NaCl Heavy metal Ngah and Hanafiah, 2008

NaCl Heavy metal Zhang et al., 2015

NaCl Malachite green Hamdaoui et al., 2008

NaCl Basic red 46 Deniz and Karaman, 2011

NaCl Toluidine blue and crystal violet  Lafi et al., 2015

NaNO3 Heavy metal Sangi et al., 2008

NaNOs Methylene blue Weng et al., 2009

Ca:NO3 Heavy metal Sangi et al., 2008

NaClO4 Heavy metal Weng and Wu, 2012

CaCl> Methylene blue Han et al., 2007; Han et al., 2011

Na2SO4 Heavy metal Rao et al., 2011b; Srinivasa Rao et al., 2010

KNOs Cationic methyl violet 2B dye Lim et al., 2016b

NH42S04 Acid blue 45 and acid black 1 Maleki et al., 2017

NaHCOs3 Acid blue 45 and acid black 1 Maleki et al., 2017
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Table S11. Thermodynamic parameters for the biosorption of toxic metal ions onto pristine leaves

T

Derivation of

Thermodynamic parameters

Leaves " Kc AGP AHP AS° References
(K (unit) (kimol)  (kJ/mol) (kJ’}T)O' x
Lead (Pb2+)
Camphor 303 KL -23.9 151 0.129 Chen et al., 2010b
313 L/mol -25.3
323 -26.7
333 -27.8
Potato 303 KL -8.75 3.69 0.039 Yuvaraja et al., 2014
313 L/mg -8.51
323 -7.98
Sacred fig 303 Ka -2.95 -105 -0.350 Qaiser et al., 2009
313 L/g -0.12
323 4,94
Tea waste 288 Kad -14.8 25.1 0.138 Wan et al., 2014
298 mL/g -14.6
308 -12.8
318 -12.6
328 -11.3
Neem 308 Ka -4.69 10.9 -0.029 Bhattacharyya and Sharma,
313 mL/g -4.26 2004
318 -3.96
Palm 283 KL -8.23 -16.7 -0.029 Al-Haidary et al., 2011a
298 L/mg -8.19
308 -7.43
323 -7.16
Cadmium (Cdz+)
Jambolan 303 Kp -1.40 3.70 0.017 Rao et al., 2010c
313 No -1.58
323 -1.74
Loquat 293 Kp -7.02 29.7 0.125 Awwad and Salem, 2014
303 No -8.21
313 -9.55
Hornbeam 298 Kp -4.29 -13.1 -0.029 Zolgharnein et al., 2013a
308 No -4.04
318 -3.65
328 -3.44
Date Tree 298 Kp -7.37 21.6 0.095 Boudrahem et al., 2011
308 No -7.52
313 -7.92
333 -10.8
Tea waste 288 Kqg -12.5 10.5 0.079 Wan et al., 2014
298 mL/g -12.4
308 -12.2
318 -12.1
328 -11.8
Loquat 293 Kp -6.33 12.3 0.064 Al-Dujaili et al., 2012
303 No -6.98
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313 -7.60
Loquat ash 293 Kp -5.87 10.0 0.054 Al-Dujaili et al., 2012
303 No -6.43
313 -6.96
Loquat 293 KL -6.33 12.3 0.064 Al-Dujaili et al., 2012
303 L/mg -6.98
313 -7.62
Neptune grass 293 KL -5.94 55.4 0.209 Kaouah et al., 2014
303 L/mg -8.04
313 -10.1
323 -12.2
Copper (Cuz+)
Boston fern 303 Kp 104  -284 -0.061  Raoand Khan, 2017
313 No -8.35
323 -8.37
Tea waste 288 Kq -8.50 11.4 0.064 Wan et al., 2014
298 mL/g -7.78
308 -7.51
318 -7.59
328 -7.56
Neem 303 KL -19.8 154 0.116 Febriana et al., 2010
323 L/mol -22.0
343 -24.4
Neem 298 KL -4.66 26.70 0.07 Ang et al., 2013
313 L/mg -3.55
323 -2.81
333 -2.07
353 -0.60
Zinc (Zn2+)
Teak 303 KL -11.9 -4.45 0.054 Kumar et al., 2006
313 L/mg -12.5
323 -13.0
333 -13.6
Nickel (Niz2+)
Neem 303 Kq -2.61 -58.2 -0.183 Bhattacharyya et al., 2009
308 L/g -1.69
313 -3.88
323 1.06
328 1.41
333 2.69
Tea factory
waste 298 Kp -3.82 17.07 0.022 Malkoc and Nuhoglu, 2005
318 No -5.34
333 -6.27
Hexavalent chromium-Cr(VI)
Taro 303 Kd -8.32 0.75 0.025 Nakkeeran et al., 2016
313 L/g -4.41
323 -1.43
333 -0.79
Mango 303 Kp -7.15 97.1 0.344 Saha and Saha, 2014
308 No -9.27
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313 -10.7

Green tea 298 KL -3.96 -41.0 0.125 Jeyaseelan and Gupta, 2016a
313 L/mg -1.37
323 -0.62

Purple secretia 303 KL -1.85 11.35 0.391 Sinha et al., 2015a
308 L/mg -3.09
313 -4.22
323 -5.28

Golden shower 293 KL 4.44
303 L/mg 3.20 41.55 0.1267 Ahmad et al., 2017a
313 1.91

Mercury (Hgz+)

Bamboo 293 Kq -0.87 10.3 0.023 Mondal et al., 2013
300 L/g -1.25
307 -2.03

Arsenic (I11)

Mango 283 Kad -17.9 23.9 0.144 Kamsonlian et al., 2012c
293 L/g -18.1
303 -20.0
318 -20.2

Cadmium (Cdz+)

Java plum 303 KL -1.40 3.7 0.017 Rao et al., 2010c
313 L/mg -1.58
323 -1.74

NOTE: K. (the Langmuir constant related to the affinity between an adsorbent and adsorbate that has been
defined in Equation 12); Ky (thermodynamic partition coefficient that has been defined in Equation 18); Kqg
(distribution coefficient that has been defined in Equation 19)
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Table S12. Thermodynamic parameters for the biosorption of toxic metal ions onto modified/treated leaves

Thermodynamic parameters

Derivation of AS°
Leaves Chemical Kc AG® AH® Ref.
(unit) ki/mol  (kJ/mol) (kJ’}r(”)o'x
Lead (Pb2+)
Drumstick HNOs, 293 KL -3.94 17.5 0.074 Reddy et al., 2010
NaOH 303 L/g -4.92
313 -5.39
Rubber NaOH, 303 Kd -5.48 21.4 0.052 Khalir et al., 2012
CD 313 mL/g -4.95
Australian Khan Rao and
pine NaAlO, 303 Kp -7.24 33.8 0.135 Khatoon. 2017
313 no unit -8.87
323 -9.88
Cadmium (Cdz+)
Kush grass NaOH ggg Il_(/; 22? 5.50 0.002 Pandey et al.. 2015b
318 -1.11
Bamboo NaOH 298 KL -0.66 9.28 0.003 Pandey et al., 2015b
308 L/g -1.73
318 -2.05
Drumstick HNOs;, 293 KL -3.68 15.3 0.063 Reddy et al., 2012
NaOH 303 L/g -4.50
313 -4.95
323 -5.42
Copper (Cuz+)
Rubber H.SO4, 300 KL -23.5 3.20 0.089 Ngah and Hanafiah,
HCHO 310 L/mol -24.4 2009
320 -25.3
Drumstick HNOs, 293 KL -3.17 12.8 0.053 Reddy et al., 2012
NaOH 303 L/g -3.75
313 -4.25
Australian Khan Rao and
pine NaAlO2, 303 Kp -7.85 36.2 0.145 Khatoon. 2017
313 no unit -9.19
323 -10.7
\?V';‘;ztea NaOH 277 Ky 190 289 0079  Wengetal., 2014b
289 L/mol -19.9
299 -20.7
311 -21.7
Lamiaceae NaOH 283 KL 6.51 37.2 0.377 Kili¢ and Solak, 2009
293 L/mg 6.31
303 5.32
313 4.06
318 2.57
Mercury (Hg2+)
Bamboo TX-100 293 Kd -1.07 15.9 0.098 Mondal et al., 2013
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300 L/g -2.76

307 -3.96
Bamboo SDS 293 Ky -1.15 32.9 0.106
300 Lig 2300 Mondal et al., 2013
307 -4.19
Nickel (Niz2+)
Drumstick HNOs, 293 Ko 268 103 0043  Reddyetal, 2012
NaOH 303 Lig -3.08
313 -3.56
Waste tea FAD 313 Kq 304 237 0022 Shahetal,20i5a
323 Lig 311
333 318
343 315
353 319
363 316
}’i\{;"te""ater MgCl. 303 K 473 021 0002  Zahedietal. 2015
308 Lig -1.59
323 -1.68
Australian Khan Rao and
e NaAlO; 303 Ky 821 183 0087 o0
313 no unit -8.60
323 9.28
}’i\l’;"te""ater MgCl, 293 Ke 473 021 0002  Zahedietal, 2015
308 Lig -1.59
323 -1.68

Note: SDS (sodium dodecyl sulfate), FAD (formaldehyde), CD (carbon disulfide);

KL (the Langmuir constant related to the affinity between an adsorbent and adsorbate that has been defined in
Equation 12); K, (thermodynamic partition coefficient that has been defined in Equation 18); Kq (distribution
coefficient that has been defined in Equation 19)
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Table S13. Thermodynamic parameters for the biosorption of organic dyes onto pristine leaves

Thermodynamic parameters

T Derivation
Leaves (K) of K_C AGe AHC ) ?So| References
(Unit)  qamol) (kimoly (K e
Methylene blue dye
Carrot 303 KL -4.79 -12.7 -0.026 Kushwaha et al., 2014a
313 L/mg -4.53
323 -4.27
Weeping willow 293 KL -21.1 -28.1 -0.024 Khodabandehloo et al., 2017
333 L/mg -20.0
Phoenix tree 295 Ku -3.89 Han et al., 2007
309 L/mg -4.62 7.77 -0.040
323 -5.01
Potato 303 KL -4.38 -7.49 -0.010 Gupta et al., 2016a
313 L/mg -4.27
323 -4.17
Brassica 303 Kad -5.53 -18.1 -0.041 Ansari et al., 2016b
oleracea 313 no unit -5.12
323 -4.71
Hybrid plane 293 KL -4.93 28.3 0.113 Kong et al., 2015
303 L/mg -5.38
313 -7.45
323 -7.76
Oriental plane 298  Ku 017 9.94 0.034  DodaveshandRanbarelisham
313 L/mg -0.70
323 -0.99
333 -1.37
Oil palm 303 KL -1.41 215 0.076 Setiabudi et al., 2016a
308 L/mg -1.78
313 -2.16
318 -2.54
323 -2.92
328 -3.29
Pineapple 308 KL -4.32 -2.79 0.004 Kamaru et al., 2016
313 L/mg -4.33
333 -4.44
Pine 303 Ka -10.4 15.3 0.085 Yagub et al., 2012
313 L/g -11.3
323 -12.1
333 -12.9
Water bamboo 283 Kdq -2.39 -16.3 -0.049 Zhu et al., 2016
293 -2.18
303 -1.63
313 -0.92
323 -0.57
Date palm 303 Kp 4.13 8.09 0.013 Gouamid et al., 2013
318 no unit 4.04
333 3.73
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Ashoka 303 KL -6.56 -11.8 -0.017 Gupta et al., 2012a
313 L/mg -6.38
323 -6.21
Lotus 293 KL -25.7 4.70 0.103 Han et al., 2011
303 L/mg -26.6
313 -27.7
Malachite green dye
Carrot 303 KL -2.78 -8.21 -0.018 Kushwaha et al., 2014a
313 L/mg -2.60
323 -2.42
Potato 303 KL -3.06 -6.30 -0.0107  Guptaet al., 2016a
313 L/mg -2.96
323 -2.85
Lotus 296 KL -10.7 35.9 0.157 Han et al., 2014
306 L/mg -12.4
316 -13.9
Ashoka 303 KL -4.19 -6.67 -0.008 Gupta et al., 2012a
313 L/mg -4.11
323 -4.03
Crystal violet dye
Pineapple 293 KL -18.3 -68.5 -0.171 Chakraborty et al., 2012
303 L/mg -16.6
313 -14.8
Esparto grass 298 KL 2.68 28.9 0.101 Lafi et al., 2015
308 L/mg 3.74
318 4.79
328 5.85
Amaranth dye
Water hyacinth 291 K L/mg 58.6 17.3 -0.142 Guerrero-Coronilla et al., 2015
301 59.9
313 61.7
323 63.1
Basic Red 46 dye
Turkish pine 298 K L/mg -4.71 46.4 0.170 Deniz and Karaman, 2011
308 -7.11
318 -8.13
Princess 298 Ky L/mg -4.29 -43.8 -0.130 Deniz and Saygideger, 2011
308 -3.17
318 -1.64
Methyl violet dye
Neptune grass 293 Ky L/mg -1.37 17.2 0.084 Cengiz and Cavas, 2010
308 -8.73
318 -9.65
Platanus 298 Ky L/mg -1.96 37.3 0.132 Zolgharnein et al., 2014
carpinifolia 308 -3.63
318 -4.95
328 -6.27
Basic Green 4 dye
Pineapple 298 K. L/mg -17.9  -101.40 -0.280 Chowdhury et al., 2011
308 -14.8
318 -12.3
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Acid orange 52

dye

Princess 298 K. L/mg 6.42 -5.63 -0.040 Deniz and Saygideger, 2010
308 6.81
318 7.23

Direct solophenyl brown AGL dye

Neptune grass 288 K. L/mg -6.73 57.8 -0.104 Ncibi et al., 2006
303 -6.37
318 -5.82
333 -5.68

Reactive cibacron red FNR

Neptune grass 288 K. L/mg -5.00 84.1 -0.226 Ncibi et al., 2006
303 -3.22
318 -2.83
333 -2.51

Remazol blue R dye

Neem 298 KL 5.52 -14.6 0.030 Immich et al., 2009
313 L/mg 6.62
333 7.98

Brilliant Green dye

Neem 300 Kgq 7.15 5.66 0.043 Bhattacharyya and Sarma, 2003
303 7.28
313 7.70
323 8.13

Ashoka 303 KpL/mg -7.98 -24.7 -0.055 Gupta et al., 2012a
313 -7.43
323 -6.88

Rhodamine B

Ashoka 303 KpL/mg -1.78 -5.94 -0.014 Gupta et al., 2012a
313 -1.65
323 -1.51

Toluidine blue dye

Esparto grass 298 K L/mg 2.31 17.9 0.061 Lafi et al., 2015
308 2.99
318 3.66
328 4.34

42



Table S14. Thermodynamic parameters for the biosorption of organic dyes onto modified/treated leaves

Thermodynamic parameters

Derivation
. T AS®
Leaves Chemical ” of Kc AG® AH° Ref.
nit)  (kamol) (kymor) (L
Malachite green dye
Maize CaOH, 303 Kp -5.93 32.4 0.127 Jalil et al., 2012a
313  Nounit -7.19
323 -8.46
Labill Ammoni, 293 Kad -6.88 115 0.063 Yang and Hong, 2018b
'zgéc 303 Lig -7.85
313 -8.12
323 -9.72
Crystal violet dye
tprzgemx NaOH 293 Ko 579 149 0071  Renetal., 2015
303  Nounit -6.61
313 -7.21
Acid violet 17 dye
Cluster fig NaOH 293 KL -26.6 10.9 0.130 Jain and Gogate, 2017d
H2SOs 303 L/mg -27.8
313 -29.1
323 -30.5
Pyrocatechol violet
Black locust ~ NaCl 296 K, 243 967 0024 4 lorsMdland Nz
298  Nounit -2.42
303 -2.27
308 -2.18
313 -2.01
Acid blue 113 dye
Almond NaOH, 293 NA -29.4 -31.3 -0.007 Jain and Gogate, 2017b
CTAB 303 -29.2
313 -29.1
323 -29.2
Acid blue 25 dye
Cluster fig NaOH 293 KL -26.6 29.9 0.192 Jain and Gogate, 2017a
303 L/mg -28.3
313 -30.3
323 -32.4
Cluster fig NaOH 293  Temkin -34.3 48.7 0.283 Jain and Gogate, 2017a
303 L/mg -36.8
313 -39.7
323 -42.8
Methyl orange dye
Pineapple HDTMA 308 Kp -3.75 -8.75 -0.016 Kamaru et al., 2016
313  Nounit -3.69
333 -3.35
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Acid green 25 dye

Almond NaOH 293 KL -34.7 6.99 0.142 Jain and Gogate, 2018
303 L/mg -36.0
313 -37.4
323 -38.9
Almond NaOH 293  Temkin -43.7 21.9 0.224 Jain and Gogate, 2018
303 L/mg -45.7
313 -47.9
323 -50.4
Congo red dye
Labill Ammoni, 293 Kq -1.47 0.004 0.006 Yang and Hong, 2018b
'gglr('f 303 Lig -2.05
313 -2.14
323 -2.19

NOTE: CTAB (cetyltrimethylammonium bromide; hexadecyltrimethylammonium bromide), HDTMA
(Hexadecyltrimethylammonium bromide); NA (not clearly mentioned in the original paper)
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Table S15. Thermodynamic parameters for the biosorption of other contaminants onto pristine and

treated/modified leaves

Thermodynamic parameters
Derivation of
T ASO

Leaves Chemical K Ke AG° AH® Ref.
(K) (unit) (kd/mol)  (kJ/mol) (kJ/E])OIX
Naphthalene
opent tea 303 K 054 217 0718  Agarryetal, 2013
eaves
308 (L/g) -2.29
313 -6.32
318 -11.2
Fluoride
KL Bharali and
Neem 298 Lo 083 299 0001 g 05
303 -0.34
308 0.15
313 0.54
318 1.12
Orthophosphate
Reed Ca(OH), 298 Kp -15.6 85.0 0.339 Markou et al., 2016a
308 (No unit) -20.1
318 -22.2
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Table S16. The Q°max (mmol/kg), CEC (mmol/kg), ECEC (mmol/kg), a or B ratio of bisorbent and

zeolite to some cationic and oxyanionic metal ions

Adsorbent Adsorbate Qfmex O w Ref.  Adsorbent Adsorbate Qmx Ol o/ Ref
sorben sorbate  Q°max ECEC o/p ef. sorben sorbate  Q°max ECEC o/p ef.
Pristine biosorbent Modified biosorbent

Tran and Tran and
CAN Cd(In) 30.4 66.5 0.81 Chao, CAN Cd( 454 113 0.71 Chao,
2018 2018

Tran and Tran and
PC Cd(ln 17.3 435 0.71 Chao, PC Cd(1n 309 813 0.68 Chao,
2018 2018

Tran and Tran and
LP Cd(ln 115 38.3 0.54 Chao, LP Cd(1n 272 765 0.63 Chao,
2018 2018

Tran and Tran and
AS Cd(ln 740 22.6 0.58 Chao, AS Cd(1n 189 46.1 0.73 Chao,
2018 2018

Tran and Tran and
SB Cd(ln 6.13 11.8 0.92 Chao, SB Cd(ln 143 211 0.50 Chao,
2018 2018

Tran and Tran and
BS Cd(ln 7.03 196 0.64 Chao, BS Cd(1n 9.16 32.6 1.03 Chao,
2018 2018

Tran and Tran and
CAN Cu(ln 235 66.5 1.11 Chao, CAN Cu(ln 33.1 113 2.67 Chao,
2018 2018

Tran and Tran and
PC Cu(ll 140 435 1.01 Chao, PC Cu(ll 254 81.3 5.88 Chao,
2018 2018

Tran and Tran and
LP Cu(ll 8.61 38.3 0.70 Chao, LP Cu(ll 224 765 3.58 Chao,
2018 2018

Tran and Tran and
AS Cu(ll) 6.14 226 0.85 Chao, AS Cu(ln 149 461 2.82 Chao,
2018 2018

Tran and Tran and
SB Cu(ll) 6.54 11.8 1.75 Chao, SB Cu(ln 139 211 2.55 Chao,
2018 2018

Tran and Tran and
BS Cu(ll) 551 19.6 0.88 Chao, BS Cu(ln 8.99 326 3.05 Chao,
2018 2018

Tran and Tran and
CAN Pb(l1) 81.1 66.5 1.18 Chao, CAN Pb(l1) 143 113 1.22 Chao,
2018 2018

Tran and Tran and
PC Pb(ll) 49.1 435 1.09 Chao, PC Pb(Il) 78.2 813 0.93 Chao,
2018 2018
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Tran and Tran and

LP Pb(ll) 345 383 0.87 Chao, LP Pb(Il) 68.0 76.5 0.86 Chao,
2018 2018
Tran and Tran and
AS Pb(ll) 239 226 1.02 Chao, AS Pb(Il) 529 46.1 1.11 Chao,
2018 2018
Tran and Tran and
SB Pb(ll) 8.82 118 0.72 Chao, SB Pb(Il) 337 211 1.32 Chao,
2018 2018
Tran and Tran and
BS Pb(1I) 254 19.6 1.25 Chao, BS Pb(1l) 29.7 326 0.88 Chao,
2018 2018
NaY zeolite HDTMA-modified NaY zeolite
Chao and Chao and
Cu(ll) 371 3120 0.24 Chen, Cu(ll) 388 2880 0.27 Chen,
2012 2012
Chao and Chao and
Zn(1) 354 3120 0.23 Chen, Zn(11) 318 2880 0.22 Chen,
2012 2012
Chao and Chao and
Ni(ll) 331 3120 0.21 Chen, Ni(1l) 315 2880 0.22 Chen,
2012 2012
Chao and Chao and
Pb(1l) 671 3120 0.25 Chen, Pb(1l) 653 2880 0.45 Chen,
2012 2012
Chao and Chao and
Cd(ln 390 3120 0.43 Chen, Cd(ln 351 2880 0.24 Chen,
2012 2012
Chao and
— — — — — aCr,0* 184 260 1.42 Chen,
2012
Chao and
— — — — — 5MnO4 412 260 2.58 Chen,
2012

Note: CAN (cantaloupe peel), PC (pine cone), LP (litchi fruit peel), AS (annona squamosal), SB (sugarcane bagasse), BS
(bamboo shoot); a = 2Q%max /CEC, 38 = 2Q°max/ECEC, *8 = Q°max/ECEC.
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Table S17. Removal percentage of Cr(VI) from dichromate solutions by various biosorbents Aoyama,
2003a

Black locust leaves? Coniferous leaves® Larch bark®
PH Cr(VI) Total Cr Cr(VI) Total Cr Cr(VI) Total Cr
2 100 63.1 100 67.5 99.9 83.1
3 100 99.5 92.5 90.9 95.3 95.3
4 82.7 82.4 76.8 76.5 57.9 57.9
5 77.9 77.3 41.7 41.6 514 51.4

Note: 2Aoyama et al., 2000b, PAoyama et al., 1999b, and ¢Aoyama and Tsuda, 2001
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Figure S1. Number of articles published applying leaf-based biosorbent for removal of
toxic pollutants from water bodies per year (only for the published original papers) and

distribution of publisher relevant to the topic
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Figure S2. Typical adsorption/desorption isotherm of biosorbent derived from

Brazilian orchid tree (pata-de-vaca) leaves and its pore size distribution

(Jorgetto et al., 2015)
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exchange is the primary adsorption mechanism

Figure S3. (a) SEM image of rubber (Hevea brasiliensis) leaf powders, (b)—(c) EDS spectra,
and (d) confirmation of the ion exchange mechanism (Wan Ngah and Hanafiah, 2008)
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Figure S4. (a) FTIR spectra of pristine biosorbent derived from fallen Cinnamomum camphora
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leaves and (b) C 1s XPS spectra of arborvitae leaves (Shi et al., 2016b)

52




47 (@)

(b) Plateau pH¢ value

Surface charge (mmol/g)

-2 Solution pH -31
-3 -5 % -5
_4 Initial pH (pH;)

100 r , y . ; o

(d)

NaOH-treated leaf tea (c)

50 |

Pristine leaf tea

T " T T YT "1

-50 4

Zeta potential (mV)
o
&
= \
)
o
L L LA |

~100 il g g b P | Lo Qogey iy §-ig f) g -frg R goe] oy ] gl
1 2 3 4 5 6 7 8 012 3456 7 8 9101

Solution pH Solution pH

1

Figure S5. Point of zero charge (PZC) of (a) tea waste leaves determined by the acid-base
titration method Uddin et al., 2009 [License number: 4435871145286] and (b) gulmohar
leaves determined by the “drift method” Ponnusami et al., 2009b [License number:
4435871247208]; and isoelectric point (IEP) of (¢) treated black tea waste leaves determined
by a zeta meter Weng et al., 2014a [License number: 4435871464044] and (d) strawberry

leaves determined by an electrokinetic analyzer Liu et al., 2010d [License Number:
4435880051225]
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Figure S6. XRD spectra of (a) pristine (CLP) and succinic anhydride-
modified camphor (SCLP) leaves (Wang et al., 2016), and (b) pristine (CEL)
and aluminate-treated Casuarina equisetifolia (SATCEL) leaves (Khan Rao
and Khatoon, 2017)

54



Weight remain (%)

110
100

90
80

Weight (%)

50-
40-
30-
20.

(a)

d(Weight)/d(Temperature) (%/°C)

70
60

NPFL
T T T
200 400 600 800
Temperature (°C)
04
(c) 342°C
0.34%/°C TG ]
$6.32% " ---- DTG
-4 03
|5)
<
=
54.68% 402 =
2
3]
=
' Z
R 401 §
v A
\ —‘M ]
I Y
1 i 1 L 1 n 1 1 I 1 1 1 i
100 200 300 400 500 600 700 800
Temperature (°C)

064

054

(b)

Cellulose | j |

Pb-loaded NPFL

T
400
Temperature (°C)

— Pristine Taro (d)

Pb(ll) loaded Taro

250 300 350 400 450 500

TlC

50 100 150 200
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Figure S9. Effect of the ionic strength on the adsorption process of (a—b) potentially toxic metals

onto Ulmus carpinifolia tree leaves (Sanqi et al., 2008), (c) cationic dyes onto Daucus carota stems

and leaves (Kushwaha et al., 2014b), and (d) anionic dye onto surfactant-modified Prunus Dulcis
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Figure S13. (a) Scanning Electron Micrographs of Syzygium cumini L. leaves after Cd(ll)

adsorption (Rao et al., 2010c), (b) Element distributions of EDX analysis region of tobacco leaves

after Cu(ll) biosorption (Cekim et al., 2015), (c) Cr mapping of Sakura leaves after Cr (VI)

adsorption (Wenfang et al., 2015), and (d) X-ray mapping of maple leaves after Pb(Il) adsorption
(Hossain et al., 2014b)
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Figure S14. Atomic force microscopy (AFM) image of sodium aluminate-treated Casuarina

equisetifolia leaves (a) before and (b) after Cu(ll) biosorption (Khan Rao and Khatoon, 2017)
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Figure S17. Model for the possible sorption
site of a copper ion between two adjacent fibers
of the biomass derived from Maitenus truncata

leaves Carvalho et al., 2003
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Licenses

Figure 3. Effect of the pH solution on the adsorption process on (a) potentially toxic metal cations onto Fraxinus
excelsior tree leaf-biosorbent [Adapted from Sangi et al. Sanqi et al., 2008. Copyright (2008), with permission
from Elsevier. License Number: 4435910682650], (b) fluoride onto Azadirachta indica tree leaf-biosorbent

[Adapted from Bharali and Bhattacharyya Bharali and Bhattacharyya, 2015. Copyright (2015), with permission

from Elsevier. License Number: 4440010650238], (c) ammonium onto Parthenocissus tricuspidata tree leaf-
biosorbent [Adapted from Liu et al. Liu et al., 2010c. Copyright (2010), with permission from Elsevier. License

Number: 4435910810287], (d) cationic dyes onto Saraca asoca tree leaf-biosorbent [Adapted from Gupta et al.
Gupta et al., 2012b. Copyright (2012), with permission from Elsevier. License Number: 4435910987708], (e)
hexavalent chromium onto Melaleuca diosmifolia tree leaf-biosorbent [Adapted from Kuppusamy et al.
Kuppusamy et al., 2016. Copyright (2016), with permission from Elsevier. License Number: 4435911095229],

(F) acid violet 17 dye onto activated Ficus racemosa tree leaf-adsorbent [Adapted from Jain and Gogate Jain and
Gogate, 2017c. Copyright (2017), with permission from Elsevier. License Number: 4435911196015], (g) arsenic
onto Psidium guajava leaf tree leaf-biosorbent [Adapted from Kamsonlian et al. Kamsonlian et al., 2012a.
Copyright (2012), with permission from Taylor & Francis. License Number: 4435940299690], and (h) mercury

onto pristine and modified bamboo leaf tree leaf-biosorbents [Adapted from Mondal et al. Mondal et al., 2013.
Copyright (2013), with permission from Taylor & Francis. License Number: 4435920032442].

Figure 5. Typical adsorption isotherm determined by two different methods, that is by changing (a) solid/liquid
ratio [Adapted from Kili¢ et al. Kilic et al., 2009. Copyright (2009), with permission from Elsevier. License
Number: 501431317], and (b) initial adsorbate concentrations [Adapted from Chen et al. Chen et al., 2010a.
Copyright (2010) with permission from Elsevier. License Number: 4435921407628].

Figure 8. (a) Effect of solution pH on the adsorption of two anionic dyes [Sumfixe Supra red (SSR) and Alpacelle
Lumiere brown (ALB)] onto Agave americana leaves, and (b) effect of pH on the dye desorption Hamissa et al.

2007 [Creative Commons CC-BY by SAGE]; (c) Effect of different eluents on copper desorption from treated
rubber leaves [Adapted from Ngah, et al. Ngah and Hanafiah, 2008; Copyright (2008) with permission from

Elsevier. License Number:4443540449114]; (d) Desorption kinetics of anionic Amaranth dye from water
hyacinth leaves [Adapted from Guerrero-Coronilla et al. Guerrero-Coronilla et al., 2015. Copyright (2015) with

permission from Elsevier. License Number: 4435930384912]; (e) Five cycles of Pb(Il) adsorption—desorption
with 0.4 M HCI [Adapted from Reddy et al. Reddy et al., 2010. Copyright (2010) with permission from Elsevier.
License Number: 4435930464723]; (f) Biosorption-desorption cycles for regenerating SATCEL with 0.1 N
HCI [Adapted from Khan Rao and Khatoon Khan Rao and Khatoon, 2017. Copyright (2017) with permission
from Elsevier. License Number: 4435930646149].
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Figure 9. (a) Mechanisms proposed for Cr(V1) biosorption by nonliving biomass [Adapted from Park et al. Park
et al., 2005. Copyright (2005) with permission from Elsevier. License Number: 4440510789887]; and (b) high-

resolution spectra collected from the Cr 2p core regions of the Cr-laden biosorbent derived from Korean red pine

tree leaves as well as standard Cr(l11) and Cr(VI) chemicals [Adapted from Park et al. Park et al., 2011. Copyright
(2011) with permission from Elsevier. License Number: 4435931207985].

Figure 10. The potential adsorption mechanisms between toxic metals and biosorbents [Adapted from Tran and
Chao, 2018a. Copyright (2018) with permission from Springer. License Number: 4525340872276]

Figure 11. Typical interactions contributing to the adsorption of cationic methylene green 5 dye onto biosorbent
[Adapted from Tran et al. Tran et al., 2017c. Copyright (2017) with permission from Taylor & Francis. License
Number: 4435940108341].
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