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ABSTRACT

Humic acid (HA) is a component of natural organic matter (NOM) with a high molecular weight and high
complexity. The presence of humic acid in water raises serious concerns due to its toxicity and ability to form
carcinogenic trihalomethanes. Adsorption was shown to be an effective method for the removal of humic acid
from various wastewater sources. Many adsorbents were feasible and effective for removing HA from waste-
water, including carbon-based and activated carbons, clay-based adsorbents, zeolites, iron-based/magnetic ad-
sorbents, functionalized adsorbents, and natural adsorbents. The removal of humic acid from water using
different types of adsorbents was presented and reviewed and the effect of changing operational parameters such
as pH, adsorbent dosage, contact time, initial HA concentration, temperature, and ionic strength on humic acid
adsorption performance was evaluated. According to the review, the nano-MgO adsorbent performed the best in
humic acid removal capacity, while MAER-3 resin performed the most regeneration cycles. Nano-MgO was the
most promising adsorbent in capacity and regeneration capabilities, with an adsorption capacity of 1260 mg/g
and ten regeneration cycles. Future research should focus on continuous adsorption processes in order to scale-up
and use on an industrial level, as well as using actual wastewater rather than synthesized wastewater for
adsorption experiments, as well as cost analysis to determine the feasibility of scaling up on an industrial level.

1. Introduction

matter, such as plants and animals, via biological and chemical pro-
cesses. Humic acid is an organic substance with a very high molecular

Water scarcity is a growing global challenge caused by a combination
of factors such as population growth, climate change, and unsustainable
water use practices. With the rise in the Earth's population and the
increasing demand for the depletion of freshwater sources, various
strategies are put in place to improve the efficiency of water have been
implemented. Wastewater treatment and reuse have been effective
strategies, especially if the treated water can be reused. For countries
that depend heavily on freshwater sources, the water quality must not be
compromised, especially with natural organic matter (NOM) that is
formed from the decay of plant and animal matter and include a range of
compounds including humic and fulvic acids, amino acids, proteins,
carbohydrates, and lipids.

Humic acid (HA) is a substance formed by decomposing organic
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weight and is usually very stable and can be classified as recalcitrant and
non-biodegradable [1]. It is a complex compound and does not have a
definite shape or formula but rather a very complicated structure. Humic
acid is abundant in natural waters as total dissolved organic carbon
(DOC) [2] and since HA is an organic compound, it could also be
quantified using COD which is able to indicate organic pollution in
various types of wastewater [3]. HA is prominent in natural surface
water such as lakes and rivers and has a concentration varying from 0.1
to 20 ppm [4] and even more than seawater since the freshwater envi-
ronment possesses a greater fraction of organic material. Furthermore,
humic substances can be found in municipal wastewater with a con-
centration varying from 118 to 228 mg/g, and approximately 42 % of
these humic substances represent HA [5]. The presence of HA structures
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in water results in undesirable properties especially in domestic or
drinking water supply, such as odor, color, and taste [6]. In addition to
their contribution to the formation of disinfection byproducts in the
presence of trihalomethanes [7] that compromise consumers' health.
Therefore, the need for the removal of HA becomes a necessary pro-
cedure in wastewater treatment.

There are variable methods for the removal of HA from wastewater
such as filtration, flocculation, oxidation and biological processes are
traditionally used [1]. New technologies are emerging continuously, and
different removal strategies are being investigated. However, the most
prominent and most researched ways of HA removal include adsorption
[8], membrane filtration [9], flocculation and coagulation [10],
advanced oxidation processes (AOP) [11], biological treatment [12] and
emerging integrated/combined processes [13]. In this review, the focus
will be on the adsorptive removal of HA from wastewater. In comparison
with other wastewater treatment processes, adsorption presents as a
highly effective method for wastewater treatment in terms of its
simplicity, low cost and variety of target pollutants that can be removed.

A comprehensive literature review was done using three main search
engines: ‘Scopus’, ‘Google Scholar’ and ‘Web of Science’. The time frame
of interest was from the year 2011 to 2022, this is to allow for the
investigation of the most recent technologies in the literature in the past
decade. The main search criteria were using the keywords “Humic Acid”
AND “Water Treatment” AND “Review” to search for relevant review
papers that aided in having the initial scope of the study. This was fol-
lowed by another search criteria using the keywords “Humic Acid
Removal” AND “Adsorption” when searching for adsorption processes.
This yielded 89 articles which are demonstrated in this paper, 45 of them
are related to the adsorbents mentioned in this paper. The different
papers that were found through the literature search of humic acid
adsorption per year are shown in Fig. 1, where the data was extracted
through WoS database. It is also obvious that the publications relating to
humic acid adsorption are relatively more in the past couple of years due
to the topic being of high importance and that is why the light was shed
on this topic specifically. It is worth noting that the HA field of research
is tremendously large, and it was difficult to select the most related
papers to the adsorption of humic acid exclusively.

This review classifies the adsorbents into seven main categories:
Activated carbon and carbon-based adsorbents, clay-based adsorbents,
zeolite/resins,  iron-based/magnetically = reclaimed adsorbents,
polyaniline-based, functionalized and unrefined (natural) adsorbents.
The biggest challenge faced when establishing this review was the
classification of the adsorbents. However, the methodology that was
followed was based on the resources found; this is explained further in
Section 3.

NUMBER OF PUBLICATIONS

M.
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Numerous review articles have been published on the topic, specif-
ically in combination with fulvic acid removal or simultaneous removal
of humic acid and metals for example. Several review articles exist in the
literature that highlight the removal of HA from wastewater through
adsorption processes. A review conducted by Aminul Islam et al. [14]
studied the effect of the presence of HA and fulvic acid (FA) on the
adsorptive removal of other pollutants such as heavy metals in water.
The removal of both HA and FA using nanotechnology was investigated
by Tang et al. [15], in addition to the impact of HA and FA on the
removal of heavy metal ions existing in wastewater such as lead, cad-
mium, copper, etc. The review carried out by Bhatangar and Sillanpaa
[16] overviewed the adsorptive removal of natural organic material
(NOM) in general, and the different adsorbents that can be utilized for
NOM adsorption from wastewater. Other review articles have high-
lighted adsorbents such as biochar [3] for the remediation of potable
water. Several pollutants were able to be removed using biochar
including pesticides, dyes, and most importantly humic acid (60 mg/g).
These studies focused on the adsorption of both HA and FA, or the effect
of their presence on the removal of other compounds such as heavy
metals and not on the adsorbents available for solely removing HA from
wastewater. In this review, the main focus will be on the adsorptive
removal of HA alone from wastewater, the different adsorbents that
could be utilized, and the factors affecting HA removal.

The main objective of this paper is to present a comprehensive scope
of the current state of the literature on the adsorptive removal of HA
alone and investigate the different adsorbents that could be used for the
removal of HA from wastewater, as well as the different operational
parameters that affect the adsorption process. The properties and brief
insight into the humic acid structure, its properties, sources, and toxicity
would be presented. Moreover, the significance of the kinetic and
isotherm study parameters as well as the regeneration potential are to be
discussed. The suggestion of the best adsorbent for HA removal was
based on two main criteria: adsorption capacity and reusability of the
adsorbent. Moreover, gaps in the literature were analyzed to predict the
future trends of humic acid removal in water research.

2. Humic acid properties
2.1. Sources of humic acid in water

Humic acid is usually found naturally in the soil and is formed as a
result of the chemical or biological degradation of living matter (animals
or plants), and therefore exists in groundwater, peats, freshwater and
even in oceans but varies in concentrations. Natural waters contain <10-
15 mg/L of HA as reported in the literature [17]. Humic acid can be

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

YEAR

Fig. 1. Publications per year for humic acid adsorbents found in literature and reviewed in this paper.
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extracted from crop plants as well as animal waste [18] and is usually
used as a buffer for the soil and enhances the environment of the soil so
that the conditions are ideal for nutrient absorption by the plants.

Fig. 2 shows an illustration of the formation of HA from organic
matter in natural systems. When the organic matter decomposes entirely
due to chemical and biological degradation (which is facilitated by
moisture and bacteria), once the material cannot decompose any
further, it is called humus. This humus/humic substance would be split
into three main substances: humin, humic acid, and fulvic acid. Humin is
the insoluble fraction, it would not dissolve in both acidic and aqueous
solutions, while humic acid is the soluble fraction in alkaline solution
but not acidic, and fulvic acid is soluble in acidic solutions. There are
four primary sources of HA, but the main mechanism of formation in-
cludes complex polyphenols reacting or complexing with amino acids.
Lignin or lignin-like materials can act as the polyphenol source, or the
lignin can react with other aromatic compounds producing polyphenols.
Polyphenols can also originate from cellulose, starch and other sugars
that are consumed by microorganisms, and leaf polyphenols can also
react with amino acids existing in leaves and soils [19]. This acknowl-
edges the source of humic acid formation to be plant and animal residues
in the soil.

Humic acid can be found in various types of wastewaters, including
municipal/domestic, industrial, and agricultural wastewater. The pres-
ence and concentration of humic acid in wastewater depend on several
factors, such as the source and characteristics of the wastewater, the
treatment processes used, and the presence of other contaminants. In
industrial wastewater, humic acid can be present as a result of various
industrial processes and can vary with the type of industry. Humic acid
has been found to be a product of the cellulose and paper-processing
industry [20], oil mills wastewater treatment through composting
techniques [21], the food processing industry [22], and tannery
wastewater [23]. It was also found that the industrial wastewater that
was biologically treated contained a significant brownish color [24], this
suggests the presence of humic and fulvic acids and poses a significant
issue in terms of toxicity and aesthetics. In agricultural wastewater,
humic acid can be present as a result of the decay of plant material,
irrigation effluent and livestock waste. Livestock wastewater treated via
reverse osmosis process resulted in the formation of concentrate
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containing humic acid [25]. Moreover, landfill leachate contains high
amounts of humic substances such as HA, FA and humic substances [26].
Municipal/domestic wastewater undergoes treatment using secondary
biological treatment processes such as the activated sludge process. The
waste activated sludge contains a high amount of humic acid, which can
leach back into the wastewater and disrupts the treatment process as
well as the quality of the effluent water [27-29]. This reinforces the
need for tertiary wastewater treatment processes for the removal of HA
or other humic-like substances. Overall, humic acid can be found in
various types of wastewaters, and its presence can impact the efficiency
of wastewater treatment processes. Therefore, understanding the
composition and properties of humic acid in wastewater is crucial for the
effective treatment and management of wastewater resources.

2.2. Structure and composition of humic acid

The structure of HA is quite complex and uncertain, and due to many
factors affecting the formation of humic acid, there are no two identical
structures [18]. However, many structures were proposed by scientists
due to continuous, dynamic changes in the HA structure that continu-
ously undergoes humidification [30]. It can be agreed upon that the HA
structure is defined as a polymer with an aromatic core and aliphatic
chains with multiple functional groups such as amines, alcohols, ether,
phenyl, aldehyde, ketone, carboxylic, ester, amide and quinones
[30,31]. Generally, aliphicity in the HA structures is much greater than
total aromaticity [18] where it was reported that the HA structure is 35
% aromatic, while the balance is aliphatic [32]. FTIR results of HA
sourced from the soil in the Indian city of Karnataka are shown in Fig. 3,
where 7 main peaks were identified [33]. The first peak is a strong but
broad peak at 3246 cm ™! that demonstrates the presence of H bond to
OH, this suggests the presence of alcohol structures. The second peak at
1721 cm™! correlates to a C=0 bond that could be attributed to the
presence of ketones, aldehydes and esters. The third peak at 1634 cm ™!
signifies the presence of alkenes (C=C) as well as the C—=0O bond of
carboxyl and quinone structures. The fourth peak occurring at approx-
imately 1450 cm ™! represents the aliphatic C—H which indicates alkane
structures and methyl groups, this is expected due to the high percentage
of aliphicity discussed earlier. The fifth peak at 1112 cm ™! represents

Alkaline

-~

Fig. 2. The humic acid formation process.
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Fig. 3. FTIR of soil humic acid sample [33] (copyright under the terms of CC
BY-NC-SA 3.0).

the COO~, and the sixth peak at 1025 cm ' represents the C—N
stretching of the amine group. The last peak occurs at approximately
850 cm-1, representing the C—C bending or the bonding of C—H [34].
Peaks in the functional groups such as COOH and quinone groups are
consistent with information discussed in theory for the FTIR spectrum
[35].

There are multiple structures of HA proposed in the literature; some
of these include Dragunov, Steelink, Shukten & Shnitzer, Stevenson, and
Flaig's structures of humic acid and these are illustrated using Fig. 4a-e.
The structures would contain all or most of the functional groups
mentioned above when discussing FTIR analyses. The most complex
structure is the one proposed by Shnitzer and Schulten [36], it can be
observed in Fig. 4c that hydroxyl and carboxyl groups are abundant on
both aromatic and aliphatic side chains and rings.

The chemical composition of HA varies with the geographical origin,
age, climate and biological conditions [40]. In addition to the chemical
composition variations, the elemental composition also varies slightly
depending on the source of the humic acid. On average, the HA structure
would predominantly be composed of carbon, hydrogen, nitrogen, and

a)
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some sulfur compounds. In conjunction, the percentage of oxygen dif-
ferentiates HA from fulvic acid (FA) structures, as FA has more oxygen
content than HA [41]. Fig. 5 shows the elemental composition of HA
obtained from 14 different sources, where it is evident that >50 % of the
structure is carbonaceous followed by oxygen composing approximately
26 % of the structure [42].

2.3. Properties of humic acids

Although humic acid has no definitive structure due to the presence
of different functional groups. Still, there is a trend to be found in the
properties such as hydrophilicity, ion exchange capacity, surface charge,
molecular weight, solubility, and acidity.

HA has a significant molecular weight, usually ranging from 500 to
250,000 Da [43]. Therefore we can refer to HA molecules as macro-
molecules due to their large molecular weight and complex structures.
In addition to the large molecular structure, HA molecules have large
surface areas ranging from 800 to 900 m?/g [44] and can be used as
adsorbents themselves [45], especially for heavy metals or metallic ions
due to a “ligand-like” property.

HA molecules are considered weak polyelectrolytes and can exist as
dissolved or in a dissociated form in water. The insoluble fraction in-
teracts with the environment as an ion-exchanger by releasing protons
(H" ions) into the solution while the anions remain insoluble [31].
Furthermore, HA molecules were found to be soluble in neutral to
alkaline conditions as they tend to precipitate in acidic media, and this is
because as pH falls in the acidic region (pH < 2), the HA acid structure
becomes spherical and precipitates [1,46]. This is an indication of the
effect of pH on the performance of removal processes of HA from
aqueous solutions or water.

HA is considered one of the most charged natural polyelectrolytes
that can be attributed to the many functional groups that are available
on the surface. It was reported to have 3-4 charging sites per 100 Da
[47,48]. Moreover, the cation exchange capacity (CEC) is less for HA
(485-870 mol/kg) than for fulvic acid [44], nevertheless, the presence of
HA in soil enriches its fertility and the three vital nutrients can be sup-
plied (potassium, calcium and sodium). HA generally exhibits a negative
charge due to the carboxylic and phenolic functional groups that are

d)

HO, COH CgH110s

Fig. 4. Different structures of humic acid as proposed to by: a) Flaig [37], b) Steelink [38], ¢) Schulten and Schnitzer [36], d) Dragunov [18], and e) Stevenson [39].
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Fig. 5. Average elemental composition of 14 humic acid sources [42,129-131].

abundantly present on the structure's surface [49]. It was also observed
that zeta potential is negative at pH above approximately 2, while it is
positive at pH below 2. This is explained by the dissociation of H' ions or
deprotonation of carboxylic and phenolic groups above this pH value
[50] which means they usually exist in anionic form. Therefore, it is
expected that the HA structure would always be anionic since main-
taining a pH of 2 is uncommon, especially in the water treatment in-
dustry due to cost and safety issues at such low pH values.

HA molecules can exhibit detergent characteristics at low pHs (<2),
where the functional groups get protonated (less repulsion) and form
compact micelle-like structures with the hydrophobic part being
enclosed within the structure and the hydrophilic part being towards the
aqueous medium. With time, these micelle structures aggregate and
eventually precipitate. These surfactant characteristics are beneficial for
the cosmetic and pharmaceutical industries [31]. Another characteristic
of HA is its chelation ability, or the formation of complex compounds
when it combines with heavy metals and acts as a ligand, this is useful in
many applications such as [31]; transportation of micronutrients to
plants via soil and water, removal of heavy metals from water or soil,
inhibition of free radical formation and reduction and stabilization of
metal nanoparticles.

The shape of HA is affected by the pH of the surrounding environ-
ment, at low pH values, HA is a spherical coil while at high pH the shape
of HA is linear due to the repulsion of the charges [51], and the particle
size also increases with increasing electrolyte concentration [30]. The
color of HA is influenced by the functional groups present, pH and redox
potential. The color also increases (becomes darker) with increasing
polymerization, molecular weight, and carbon content [30].

2.4. Toxicity of humic acids in water

Humic acid is classified as a stable but complex organic compound
that is considered recalcitrant (non-biodegradable) [1]. HA in soil af-
fects the soil properties by enhancing the soil's color, affecting the
heating rate, improving air-water relations, porosity, viscosity and soil
compaction, and having large water capacity. This is good for plants
since HA can act as a source of nutrients for plants and protects plants
from diseases [30]. Fig. 6 shows the effect of adding HA to the soil.
Clearly, with the addition of HA (Lighumus) the root structure is
enhanced and therefore explains the enhanced soil properties and
enhanced nutrient and water capacity.

However, HA is not environmentally degradable, and its accumula-
tion causes problems related to the odor, taste and color of the water and
therefore causes the spread through water distribution systems and
could also act as a nutrient source for the microbes in these systems
[16,52,53]. The spreading of these microorganisms can cause major
health effects on humans since their presence makes the water

Fig. 6. Comparison of root structure using humic acid (right) and without
humic acid (left) [132].

unhygienic and unsuitable for human consumption. Furthermore, HA
could also contribute to membrane fouling even after the backwashing
process and increases the cost of replacement of these membranes which
is undesirable. Membrane fouling due to the presence of HA affects the
performance of ultrafiltration membranes, and that is why some studies
use HA for modeling the antifouling potential of membranes [54,55] in
relation to other studies that utilize wastewater effluent [3].

HA in water can induce the production of disinfection by-products
(DBPs) due to their interaction with chlorine and disinfectants, which
can be harmful to humans. HA is classified by the International Agency
for Research on Cancer (IARC) as a category 2A or 2B, which suggests
that the presence of HA in water is probably or possibly carcinogenic for
humans [8]. The presence of these DBPs can also induce other health
effects such as central nervous system (CNS) problems, reproduction
system defects, retardation in growth, anemia, and cytotoxic effects
(which suggest damage to the cells) as well as genotoxic effects [7].

Other harmful effects of HAs on humans include teratogenic prop-
erties, which negatively affect the fetus development and mutagenic



T. Alomar et al.

effects, which suggest the mutation of cells in the human body [1]. Other
studies have found that HA consumption contributes to Blackfoot's dis-
ease [56]. This suggests that the presence of HA in water should be
regulated so that people's health is not compromised.

3. Adsorption for HA removal from wastewater

Adsorption is one of the most effective processes for removing pol-
lutants from water. Adsorption is a mass transfer process involving the
adsorbate's attachment to the pores on the adsorbent surface, as illus-
trated in Fig. 7. The mechanism of this attachment can vary depending
on the type of adsorbent and the interaction between the adsorbent and
adsorbate. The adsorption process could be carried out for the removal
of HA using different types of adsorbents, most commonly: activated
carbons (AC), clays, zeolites and many other classifications. The extent
of adsorption depends highly on the adsorbent surface and how it in-
teracts with the pollutant to be removed and the physical properties of
both the adsorbent and adsorbate. The experimental conditions also play
a vital role in this process, and this is discussed further in Section 5.
Some advantages of adsorption compared to other removal processes is
the economic nature of adsorption, ease of setup, high reusability
achievement as well as high efficiency of the process which makes it
desirable for wastewater treatment.

Although there were difficulties in clearly classifying the adsorbents
as some of them could be classified under more than one subsection/
category. For example, when talking about AC material, we focused on
the adsorbents that were explicitly stating that they were activated
carbon regardless of the source type (natural for example). A major
example is the classification of the Ziziphus jujuba, since it can be allo-
cated to the “natural adsorbents” or “AC” sections. However, it was
chosen to be allocated to the AC group since it is carbonized and not used
in its natural form. An adsorbent was classified as functionalized when
the adsorbent is a composite material that has more than one classifi-
cation. For natural adsorbents classification, the adsorbent can be
slightly modified or in its natural form such as eggshells.

The majority of the adsorption experiments were through batch ex-
periments. Firstly, stock solutions of HA were prepared in NaOH, which
is then diluted to the desired concentration. A known weight of adsor-
bent is measured (dosage) and placed in an Erlenmeyer flask and the
sample is then put into a shaker at a specified rotational speed, and
temperature and left for some time, the concentration of the HA is then
measured through various methods. The most widely used method for
the determination of HA concentration in an aqueous solution is through
UV-Visible spectrophotometry at a maximum wavelength of 254 nm,
while others might use Apax = 400-440 nm. Other methods of measuring
the HA content are through TOC analysis. However, since the HA so-
lution is of yellowish/brownish color [57], UV-Vis spectrophotometry
would be a more popular way of determining the HA concentration in
aqueous media.

Adsorption is the
attachment of
adsorbate particles
(HA) on the pores on
the adsorbent surface

Adsorbate -
| HA particle

.......... Vacant pores
on adsorbent
N surface

Fig. 7. The adsorption of HA on the adsorbent surface.
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3.1. Activated carbon and carbon-based adsorbents

Activated carbon (AC) is a highly porous carbon material that is used
for the adsorption and removal of pollutants due to its large surface area
and high porosity [58]. AC can be used in water treatment for the
removal of HA using adsorption, where the AC samples can be obtained
commercially or can be synthesized through the activation of carbon-
source materials. Two commercial ACs from bituminous coal which
are Cullar D (Cm1), and Hydraffin 30 N (Hm1) were studied for the
removal of HA from wastewater [8]. Maximum removal capacities of
Cm1 (0.146 mg/g) and Hm1 (0.135 mg/g) of HA were achieved at 35 °C,
with initial HA concentrations of 7 mg/L and 10 mg/L respectively at a
pH of 4.5. The adsorption of HA on Cm1l and Hm1 relied heavily on
initial HA concentration and was characterized as an exothermic process
[8]. The adsorption capacity of Cm1l and Hm1l were relatively low
compared to other adsorbents such as commercially bought AC, which
was able to achieve a HA removal capacity of 29.7 mg/g at conditions
listed in Table 1 [59]. Moreover, the AC was regenerated through ul-
trasonic treatment for 5 cycles, optimally at pH = 10, ultrasonic fre-
quency of 37 kHz for 60 min and after the 5th cycle, the capacity was
reduced by 1.86 %. This shows the AC's viability and effectiveness in
removing HA since the regeneration of the adsorbent allows for a better
cost-effective process if it is to be implemented at the industrial scale.
Ziziphus jujuba is an agricultural waste product, it was utilized to syn-
thesize AC and then treated with nitric acid to be used for the adsorption
of HA from water [60]. The adsorption of HA via the Ziziphus jujuba was
an endothermic and spontaneous process, where it followed pseudo-
second-order kinetics and the Langmuir isotherm. Ziziphus jujuba was
able to achieve an optimal adsorption capacity of 76.92 mg/g, and the
high adsorption capacity was attributed to the hydroxyl groups of car-
boxylic acids, alcohols and phenols on the surface, which were increased
following the treatment by nitric acid [60]. In other studies, the
adsorption behavior of HA coupled with heavy metals is analyzed. In the
study by Chen et al., the cooperative adsorption of Cr(VI) and HA on
powdered activated carbon (PAC) is studied [61]. The adsorption ex-
periments showed a 16 % increase in HA adsorption with the presence of
Cr(VI). Multiple mechanisms justified the enhanced adsorption capacity
such as: (1) HA and Cr(VI) adsorbed on the surface via physical in-
teractions between PAC and adsorbates, (2) HA and Cr(VI) reactions
with the oxygen-containing compounds from PAC surface, and (3)
electrons provided by the HA structure as well as PAC surface that
reduce Cr(VI) to Cr(III) that form complexes with HA that adsorbs on
PAC surface.

Activated carbon materials can also be coated or incorporated with
iron particles, which in some cases enhance the adsorption of HA. Ac-
cording to Rashtbari et al., AC (prepared from worn-out tires) and AC
coated with nano zero-valent iron (nZVI) were studied to observe the
effect of having iron particles on the performance of the adsorbent in HA
removal [62]. It was found that the HA adsorption capacity of AC (98.03
mg/g) was much greater than AC-nZVI (86.95 mg/g) at the same
experimental conditions (highlighted in Table 1), despite the nZVI
nanoparticles structure being abundant with pores that are capable of
sequestering the HA particles. The main mechanism of adsorption for
both adsorbents was found to be through the chemical sharing of elec-
trons. The AC-Fe adsorbent was able to be regenerated for 5 cycles,
however, the efficiency was found to decrease from 93.34 % to 72.69 %.
The reduction in efficiency is attributed to the segments of HA that have
undergone decomposition in the AC pores and therefore reduced the
porosity of the AC [62]. In contrast, Godini et al. noted that the iron-
coated AC (AC-Fe) achieved a greater capacity than AC alone and had
an outstanding HA adsorption capacity of 60.72 mg/g in comparison
with the 40.56 mg/g achieved by AC alone [63] (the AC source was not
stated). Surface area is considered an important property of the adsor-
bent, since a higher surface area suggests the presence of active sites for
the uptake of the adsorbate/pollutant, therefore, a higher surface area
usually corresponds to a higher adsorption capacity and/or removal.
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Table 1
List of all activated carbon and carbon-based adsorbents.
Adsorbent BET surface Capacity Conditions (highest removal) Isotherm Kinetic Adsorption mechanism Reference
area (mz/g) (mg/g) model model
Cullar D (Cm1) 900 0.146 T=35°C,pH=45,D=10g/L, Langmuir Not Hydrophobic interaction [8]
[HA]; = 7 mg/L reported
Hydraffin 30 N 1050 0.135 T=35°C,pH=4.5,D=10g/L, Freundlich Not Hydrophobic interaction
(Hm1) [HA]; = 10 mg/L reported
Graphene (G) Not reported 41.4 pH =3, [HA]; =10 mg/L, t =10 Freundlich PSO Electrostatic, hydrophobic, n-n inter. & [65]
Graphene oxide Not reported 39.3 min, D = 0.1 g/L Langmuir PSO hydrogen bonding
(GO)
AC (worn out tires) Not reported 98.03 D =1.6 g/L, [HA]; = 50 mg/L, t Langmuir PSO Chemisorption [62]
AC-nZVI 821.52 86.95 =45 min, pH = 2 Langmuir PSO Chemisorption
AC Not reported 29.7 pH =3, [HA]; = 10 mg/L, D = Not Not Physical [59]
0.1 g/L, t = 10 min reported reported
Dual-pore carbon 1325 99.27 V =50 mL, [HA]; = 50 g/mL, D Langmuir PSO Not reported [67]
shells (DPCS0.05) =25mg, 150 rpm, T=25°C, t =
12h
Ziziphus jujuba 970 76.92 T =20 °C, [HA]; = 50 mg/L, pH  Freundlich PSO Chemisorption & physical [60]
=4-6,t =300 min, D =0.05 g
MWCNTs 270 31.37 pH=4,t=23h, [HA]; =20 mg/L, Freundlich PSO Not reported [66]
D=0.6g/L, T=23.3°C, 140
rpm
AC-Fe 596 60.72 pH =5, [HA]; =30 mg/L, T = Not Not Pore diffusion & chemical reaction [63]
28°C,t=18h, V=100 mL, 100 reported reported
rpm
PAC 1400-1600 Not D = 20 mg/50 mL, [HA]; = 20 Not Not 1. HA and Cr(VI) by competitive [61]
reported mg/L, pH=3-11,T=25°C,180  reported reported physical interaction

rpm

2. HA and Cr(VI) chemically bonded to
oxygen-containing compounds

3. Electron provision for transformation
to HA-Cr(VI) and HA-Cr(III)
complexes.

Key: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.

The surface area of the AC (760 m?/g) was greater than that of AC-Fe
(596 m2/g), so this could not be the reason for the enhanced capacity,
however, it can be attributed to the presence of iron oxide that can lead
to the formation of metal-ligand complexes with the HA structure.
Moreover, the mechanism of adsorption was in agreement with what
was achieved by Rashtbari et al. [62], and that was that the adsorption
mechanism was governed by chemical reaction and pore diffusion [63].
The iron is usually added to include a magnetic property to the adsor-
bent for a better recovery of the adsorbent in the liquid phase if it is to be
used more than once, as well as contribute to the adsorption of HA onto
the surface of the AC.

Other carbon-based materials can also be utilized for the adsorptive
removal of HA from wastewater. Graphene oxide (GO) is a carbon-based
material that is synthesized from sheets of graphite that are oxidized
through different methods (such as Hummer's method) and possesses
desirable electrical, optical and chemical properties for adsorption and
many other applications [64]. In a study conducted by Naghizadeh et al.,
the performance of graphene (G) and GO were compared, where GO was
proven to be more effective in the removal of HA despite having a
smaller capacity (39.3 mg/g) compared to G (41.4 mg/g) [65]. The
reason why GO has a greater efficiency was not mentioned in the study,
but it could be attributed to the functional groups present in GO struc-
ture in comparison with graphene structure alone which is mainly car-
bon. The adsorption mechanism was found to depend on electrostatic
interaction, Vander Waals forces, n-n interrelation and hydrogen
bonding, which in turn depends on the properties of HA and the
adsorbent surface and their interaction [65]. Multi-walled carbon
nanotubes (MWCNTSs) were also investigated for the removal of HA from
water [66]. The MWCNTSs were able to achieve an adsorption capacity of
31.37 mg/g at a pH of 4, an initial concentration of HA of 20 mg/L, and
an adsorbent dosage of 0.6 g/L. MWCNTs were considered good ad-
sorbents due to their small size, effectively large surface area (270 m?%/
g), crystalline form, unique network, and high reactivity [66]. A novel
dual-pore mesoporous carbon shell (DPCS) was synthesized by Yu et al.
and was investigated for the removal of HA from water [67]. During the

synthesis of the DPCS, an additional layer of silica was added to prevent
the aggregation of the carbon particles and to have good dispersity in
water. The adsorption of HA using DPCS0.05 achieved the best results
and efficiency of 94.2 %. The adsorption process followed pseudo-
second-order kinetics and the Langmuir isotherm. Through adsorption
studies, it was determined that the separation factor value (R, value)
ranged from 0.003 to 0.03 which is considered favorable [67].

When comparing all AC and carbon-based adsorbents, it was deter-
mined that the best adsorption capacity for HA was acquired using
DPCS0.05 (99.27 mg/g). This was attributed to the presence of richer
carboxylate groups compared to AC indicated by FTIR characterization.
Moreover, the sodium ions carried by the carboxylate groups on the
adsorbent promoted the removal of organic anions through interaction
with those ions. DPCS is also an effective adsorbent due to its large
surface area, thin carbon layer, dual-pore architecture, large pore vol-
ume and highly hydrophobic surface [67] which are all important
properties that allow better adsorption capacity to be achieved.

3.2. Clay-based adsorbents

Natural and modified clays are considered competent adsorbents for
the removal of a wide range of pollutants and are usually used in water
purification and remediation of contaminated water. The main advan-
tage of using clays as adsorbents or even incorporating them in the
structures of adsorbents would be their high abundance and low costs
[68]. To study the performance of natural clays in HA adsorption, Gueu
et al. collected 3 different samples of clay from the Ivory coast denoted
by D, Y and K that represent the cities in which these clays were obtained
(Dabou, Yamoussoukro and Katiola respectively). Through character-
ization of the samples, clay “Y” was found to be composed of kaolinite
and illite, while clays “D” and “K” were composed of kaolinite, illite and
smectite [69]. The adsorption relied more on electrostatic interaction
between the HA and the surface of the clay, ligand exchange as well as
Vander Waals hydrophobic forces. Clay “Y” had the best capacity due to
its crystalline structure that allowed efficient adsorption of HA and had
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adsorbed 115 mg/g of HA at a pH of 3 [70].

Kaolinite is a clay mineral with a chemical formula of AlyO3.2-
Si02.2H50 and 1:1 alternating layers of uncharged dioctahedral layers.
Each layer consists of a single silica sheet and single alumina octahedral
sheet [71]. Al-Essa investigated the adsorption of HA from water using 3
types of kaolinite clay found in Jordan: KTD-Kaolinite, which is natural
clay extracted from King Talal Dam (KTD) sediments, FHA-Kaolinite
which is commercially bought kaolinite (Fluka company), and unmod-
ified kaolinite (obtained from a quarry located in the south of Jordan).
TGA analysis showed that upon the modification of the kaolinite, the
clay becomes more thermally stable than before modification. Due to the
higher O/C ratio of the humic acid fractions, FHA-kaolinite presented a
higher percentage of removal of HA from water than KTD-kaolinite [72].
Kaolinite clay was also studied for the removal of HA from the water via
a continuously packed column [53]. According to Heikal, optimal re-
movals of HA were achieved at a pH of 1, a flowrate of 15 mL/min, a
retention time of 30 min, and an initial HA concentration of 1 ppm [53].
The optimal capacity as well as the isotherm and kinetic studies were not
highlighted in any of the studies presented previously for kaolinite. This
is a gap that needs to be filled to predict the mechanism of adsorption as
well as for comparison purposes.

Bentonite and montmorillonite are two types of mineral clays that
can also be used for wastewater remediation. Bentonite is a type of clay
that is characterized by 2 tetrahedral silica sheets and an octahedral
aluminum sheet with a chemical formula of Al;H;Na013Si4 [69], while
montmorillonite has a chemical structure of AloH5012Si4 [73]. In the
study mentioned previously conducted by Heikal, kaolinite was also
compared to montmorillonite and Fe-modified montmorillonite (Fe-
montmorillonite) for the removal of HA via column adsorption [53].
When comparing the performance of the Fe-montmorillonite and
montmorillonite, it was found that the iron-modified clay had a better
HA removal, which is due to the iron ions anchoring in the HA ions via
complexation. Moreover, the Fe-montmorillonite was regenerated for 5
cycles which validates the economic viability and efficiency due to the
reusability potential of the adsorbent. For the regeneration of the clay, it
was filtered, then washed with distilled water then dried in the oven for
12 h at 100 °C, then undergoes calcination for 4 h at 300 °C. However,
after the regeneration (5 cycles), the percentage removal of HA using Fe-
montmorillonite slightly decreased from 99 % to 97.2 % [53] which is a
good indicator of the regeneration ability of this adsorbent. Bentonite
and montmorillonite nanoparticles were synthesized and experimented
for the removal of HA from water [74]. Optimal adsorption of HA using
bentonite (58.21 mg/g) and montmorillonite (48.2 mg/g) nanoparticles
was achieved at a pH of 3, initial HA concentration of 40 mg/L and
dosage of 0.25 g/L. The adsorption process followed the Freundlich
isotherm and pseudo-second order kinetics, where the adsorption ki-
netics was shown to occur in two consecutive steps: initially, fast
adsorption of the adsorbent on the external surface, followed by slow
and gradual adsorption until the process reaches its equilibrium [74].
Correspondingly, there are many unconventional types of clays that can
be utilized as adsorbents, and it depends on the abundancy of clay at a
specific geographic location. For instance, attapulgite is a type of clay
that is found in China abundantly and is considered a one-dimensional
material with a unique structure [75]. Modified attapulgite was used
for the removal of HA from water, where three modification techniques
were compared: acid activation, sodium modification and heat activa-
tion. Batch adsorption studies were utilized for evaluating the effec-
tiveness of the adsorption, where the study was performed at a neutral
pH, 50 mg of the adsorbent, and an initial HA concentration of 10 mg/L.
It was suggested that the best activation method was acid coupled with
sodium organic modification, which was followed by modification/
activation through microwave [75]. Other types of clay that can be
utilized for HA removal from groundwater is vermiculite/palygorskite
[43]. The vermiculite/palygorskite was used for the simultaneous
removal of HA and ammonia, and from adsorption experiments, it was
determined that the HA was removed more efficiently by the
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palygorskite while the ammonia was best removed by the vermiculite.
The HA removal was a spontaneous and exothermic process, and the
mechanism of adsorption was mainly physical, and the adsorption
conditions are mainly highlighted in Table 2. Efficient removals of both
ammonia and HA (80-90 %) were evident using vermiculite/paly-
gorskite as adsorbent since the final concentration of HA reached values
below the regulatory limit for groundwater. The mechanism of HA
adsorption was described as physical, and it was evident that since clay
minerals are negatively charged, the presence of functional groups such
as phenols and carboxylic groups will not enhance or prevent the elec-
trostatic interaction between the adsorbent and adsorbate.

All in all, despite clay structures being naturally negatively charged,
they were somewhat effective in HA removal from wastewater, and that
is because most of the clays are modified and would have positively
charged functional groups that would attract the negatively charged HA
and facilitate adsorption. An example of this is the Fe-montmorillonite
adsorbent; upon the modification of the montmorillonite, the adsorp-
tion of HA was enhanced due to the presence of iron which enhanced the
ligand complexation of the HA structure. The clay that attained the best
adsorption capacity was clay “Y”, with a capacity of 115 mg/g. This is
probably due to having more than one adsorption mechanism as well as
the sample being composed of different types of clays (not just one type).
However, the regeneration ability needs to be addressed for clay-based
adsorbents as they can be a cost-effective mode of adsorption.

3.3. Zeolite/resin adsorbents

Zeolites are mainly used for ion-exchange applications but some are
considered effective adsorbents for the treatment of groundwater,
wastewater and drinking water. Zeolites can be classified into two types:
natural and synthetic, and they are classified as porous aluminosilicates
with crystalline structures [76]. Orha et al. compared a natural silver-
doped zeolite (ZN-Ag), MWCNTs and ZN-Ag (MWCNT-Z Ag) and a
silver-doped synthetic zeolite (ZA-Ag) for their performance of HA (5-
25 mg/L) removal from the water via adsorption [77,78]. The adsorp-
tion conditions in these studies were in batch conditions at a volume of
100 mL, initial HA concentrations of 5-25 mg/L, a dosage of 0.2 g of each
adsorbent, a temperature of 25 °C, a pH of 4-5, and kept for 1-180 min.
Through isotherm studies, it was found that the adsorbents fitted the
Langmuir and Dubinin-Radushkevich (D-R) isotherms. It was deter-
mined that ZA-Ag had the greatest adsorption capacity (47.9 mg/g),
followed by MWCNT-Z Ag (20.2 mg/g) and then ZN-Ag (2.4-6.9 mg/g).
No specific reason for this trend was determined by the author. Kinetic
analysis showed that the adsorption followed PSO kinetics [77,78]. The
adsorption mechanism of the natural and synthetic silver-doped zeolites
(ZN-Ag and ZA-Ag) was found to be physical [78]. For the natural,
silver-doped zeolite, there was a discrepancy in the values reported for
optimal capacities. This can be because the values in [78] were mainly
dependent on results from isotherm models (Langmuir), while in [77],
the data was obtained via experimentation and not theoretical data,
however, as shown by both studies, the modified zeolites (whether
natural or synthetic) presented greater performances in the removal of
HA from the water via adsorption. Modified zeolites are also proven to
be competent HA adsorbents, such as demonstrated by Wang et al.
where ZnO-30N zeolite was able to remove HA completely from
wastewater [79]. The authors also demonstrated the effect of having Cr
(VI) along with HA and its effect on the adsorption of HA. It was found
that the presence of Cr facilitates the adsorption of HA on the zeolite,
this is due to the HA forming complexes with the Cr and making it easier
to remove, where the zeolite reached a maximum capacity of 34 mg/g at
a faster rate than with HA alone in water [79]. This suggests that having
Cr present in the water enhances the HA removal as well due to
complexation, although Cr in water is unfavorable but having both
pollutants in water can help simultaneously remove HA by this adsor-
bent. In a similar study, ZnO-30N zeolite was compared with other ad-
sorbents with different weight percentage loadings of the ZnO on the
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Table 2
List of clay-based adsorbents.
Adsorbent BET surface Capacity Conditions (highest removal) Adsorption mechanism Reference
area (m?/g) (mg/g)
Y-Na+ 36.29 115 D=1g/L, pH =3, T=25°C, [HA]; = 50 mg/L Electrostatic, ligand [70]
and hydrophobic
Kaolin 10.05 Not Fixed bed: [HA]; = 1 ppm, flowrate = 15 mL/min, t = 90 min, pH =1 Not reported [53]
reported
Montmorillonite Not reported Not Not reported
reported
Fe-montmorillonite 83.79 Not Not reported
reported
Bentonite 210-250 58.21 [HA]; =40 mg/L, pH =3, T=25°C,D =0.25 g/L Not reported [74]
Montmorillonite Not reported 48.2 Not reported
FHA-Kaolinite 12.8 Not [HA]; = 10-150 mg/L, t = 24 h, T = 25-45 °C, pH = 4-6 Ligand interaction [72]
reported
KTD-Kaolinite 15.8 Not
reported
Unmodified 335 Not
kaolinite reported
Modified Not reported Not [HA]; = 10 mg/L, V = 100 mL, pH = 7, D = 50 mg, 400 rpm Electrostatic attraction [75]
attapulgite reported
Vermiculite/ Not reported Not Batch - D =1-7 gin 100 mL, [HA]; = 20 mg/L, pH = 2-9, T = 20-60 °C, 200 rpm,  Physical [43]
palygorskite reported t = 1-10 h. Continuous - [HA]I-10 mg/L, flowrate = 0.91 cm®/min, residence

time = 5.4 h

Key: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.

zeolite (10-30 %) [80]. The optimal HA adsorption capacity of the ZnO-
30N zeolite (60 mg/L) was shown to be greater than the ones reported
by Wang et al. (34 mg/L), this could be due to the competition that is
imposed by the Cr (VI) ions that hinder the adsorption of HA. The
mechanism of adsorption was confirmed to be through electrostatic
interaction between the negative HA functional groups and the posi-
tively charged ZnO-coated zeolite surface, this was followed by n-n
stacking interactions in the second layer of HA adsorption. It was
evident that the modification of the zeolite with nitric acid enhanced the
HA adsorption due to more positively charged functional groups on the
adsorbent surface that enhance the possibilities of adsorption. Further-
more, the weight percentage of the ZnO loading was proven to
contribute to the adsorption quality, as the loading of ZnO increased
from 10 to 30 %, the surface area consequently increased from 1.595
m?/g to 6.199 m?/g which also contributes to the enhanced adsorption
capacity (availability of sites) [80].

Permanent magnetic anion exchange resins (MAER) were evaluated
for the adsorption of HA which was synthesized by polymerization of
glycidyl methacrylate monomer and crosslinking diallyl itaconate (DAI)
and divinylbenzene [81]. The adsorption of HA by MAERs was found to
be spontaneous, endothermic, and thermodynamically favorable, where
the dominant mechanism was chemosorption due to the high value of
enthalpy. By varying the DAI content from 1 to 15 %, the adsorption
capacity of the MAER was enhanced from 2.57 to 3.14 mmol/g (this
corresponds to approximately 584 mg/g to 713 mg/g, taking the mo-
lecular weight of 227 g/mol [82]) which was attributed to the increase
in moisture content which aided in HA adsorption. The optimal capacity
was reported to be 51 mg/g at the highest DAI concentration, this could
also be explained due to the high surface area of MAER-3 (1.785 m?/g)
compared to MAER-2 (1.396 mz/g) and MAER-1(1.109 mz/g). More-
over, MAER was regenerated via a mixture of NaCl/NaOH (10 %/1 %),
and the MAER with the highest DAI concentration had a regeneration
capacity of 21 times. In addition to its superb regeneration abilities,
MAER also presented excellent anti-fouling performance, which was
taken back by reduced performance due to the loss of adsorption ca-
pacity through each progressive usage of the adsorbent. SEM in-
vestigations showed that the adsorption of HA caused a morphological
change to the exterior of the resin surface. The monolayer adsorption by
electrostatic interaction may turn into multilayer adsorption by physical
forces as indicated by the Freundlich isotherm. FTIR showed that
carbonyl groups may form hydrogen bonding with the un-ionized HA.

The carbon atoms of -CH2-O- played important roles in the adsorption
process [81].

Analogously, a novel hydrogarnet/zeolite composite was synthe-
sized from a hydrothermally treated slurry of silica gel, alumina, calcium
hydroxide and zeolite type A. Optimal conditions of adsorbent dosage of
50 mg in 20 mL, 25 °C and initial HA concentration of 30 ppm for 2 h
attained a maximal capacity of 9 mg/g [83]. Zeolitic Imidazolate
Framework — 8 (ZIF-8) was utilized in the removal of HA (50 ppm) from
wastewater [84]. II-r interactions and electrostatic interrelations could
be possible adsorption mechanisms for HA, which were described as
weak and reversible. The relatively low capacity of ZIF-8 (42.9 mg/g)
was justified by the small pore diameter that makes the adsorbent pores
difficult to access as well as the clustering of the adsorbent particles. The
zeolite was regenerated for 4 cycles, where it was washed with cold
water at 25 °C for 1 h. Washing with cold water did not improve effi-
ciency, so hot water was used (85 °C) [84].

The adsorption process using fixed-bed reactors is also a very effec-
tive process for the removal of HA from water as demonstrated by
Elsheikh et al. when studying the performances of natural zeolite (NZ),
and surfactant (hexadecyltrimethylammonium bromide (HDMTA))
modified zeolite (SMZ) [85]. The adsorption conditions are presented in
Table 3 and the desorption is done using ethanol solution as an eluent
and 2 Bed volume per hour (BV/h) flowrate. The main adsorption
mechanism was hydrophobic interaction and hydrogen bonding since a
complete organic monolayer was observed. It was concluded that the
HDMTA-modified zeolite with higher surfactant loading had a worse
adsorption capacity than the natural zeolite, this was attributed to the
formation of the bilayer and occupation of the pores which therefore
results in a reduction of the surface area [85]. There are many advan-
tages of continuous adsorption over batch processes, and therefore this
area regarding HA adsorption needs to be further investigated and
optimized to scale up the process and implement it on the industrial
level.

3.4. Iron-based and magnetically retrievable adsorbents

Some adsorbents exhibit magnetic properties that can aid in the
recycling and regeneration process due to their ability to be separated by
applying an external magnetic field [86]. The addition of magnetic
properties to these adsorbents has gained special attention due to its ease
in investigating reusability as well as its enhanced adsorption properties
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Table 3
List of zeolite/resin adsorbents.
Adsorbent BET surface Capacity Conditions (highest removal) Isotherm Kinetic Adsorption mechanism Reference
area (mz/g) (mg/g) model model

Zn0O-30N-zeolite Not reported 34.157 D =10.02g, T=25°C, [HA]li =35mg/L, t = Not reported PSO Electrostatic [79]
15 min

Hydrogarnet/zeolite 120 9 D =50 mg in 20 mL, T = 25 °C, [HA]; = 30 Not reported ~ PSO Not reported [83]

composite ppm,t=2h,pH=7

Nano-ZIF-8 1400 42.9 S/Lratio =2.5,t=2h, T = 20 °C, [HA]i = Langmuir PSO Electrostatic & n-x [84]
50 ppm interaction

MAER-3 1.785 51 pH=11,T=293K,D =1 g/L, [HA]; = 100 Freundlich PSO Ion exchange [81]
mg/L

SMZ 11.83 28 T =25°C, pH =10, t = 20 min, [HA]l = 6 Not reported Not Hydrogen bonding & [85]
mg/L, HDMTA loading = 75 %, Flowrate = 2 reported hydrophobic interaction
BV/h

ZnO-30N-zeolite 6.199 60.3 D =50 mg, V = 25 mL, [HA]; = 140 mg C/L, Not reported PSO Electrostatic attraction [80]
50 rpm, T = 21 °C, pH = 3-9.5

MWCNT-ZAg Not reported 20.242 D=0.2g T=25°C,t=180min,pH=4,V  Langmuir PSO Physical [77]

ZN-Ag Not reported 2.42 =100 mL, [HA]; = 5-25 mg/L Langmuir PSO Physical

ZA-Ag Not reported 46.8603 V=100mlL, [HA]; =20 mg/L,D=0.2g,T=  Notreported PSO Physical [78]

ZN-Ag Not reported 6.9199 25°C, t = 120 min, pH = 4. Not reported ~ PSO Physical

Key: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.

of HA and other pollutants. Nano-zero valent iron has also proven its
applicability in electrochemical wastewater treatment applications of
phenolic wastewater [87], this shows its great potential in the waste-
water treatment industry. Therefore, this subsection was added to
highlight the importance of these properties in an adsorbent's
performance.

A novel adsorbent of Mg/Al-LDH with magnetic biochar on poplar
sawdust (CoFe,O4@PBC-LDH) and bamboo powder (CoFe,O4@BBC-
LDH) was developed for the removal of HA from wastewater. The
adsorption of HA onto these adsorbents was governed by ion exchange
and electrostatic attraction, and the reaction was endothermic but
spontaneous. The capacities exhibited by CoFe;04@PBC-LDH were
240.58 mg/g, while for CoFe;04@BBC-LDH it was 337.83 mg/g. It is
evident that the BBC adsorbent was able to withhold more HA, and this
was attributed to the greater surface area of the BBC (178.779 mz/g)
compared to PBC (116.095 mz/g). Both adsorbents were able to be re-
generated for seven cycles where the capacities were still maintained at
high levels [88]. Similarly, the novel FeNi3/SiO,/TiO, magnetic nano-
composite was able to reduce the HA concentration (5 ppm) by 94.4 %,
which corresponds to a capacity of 138 mg/g of HA, at a pH of 3 and
adsorbent dosage of 0.1 g/L. The high adsorption capacity is attributed
to the high surface area and pore volume (481 m2/g and 0.2 cm®/g,
respectively) [89].

Activated carbon (AC) was prepared from sawdust, then magnetized
by Fe304, coated by SiO5 and functionalized by 3-aminopropyltrime-
thoxisilane (APTMS), the adsorbent was denoted by AC/Fe;04@SiO»-
APTMS and was used for the adsorption of HA from water [52]. Nor-
mally this would be classified as an AC, but the outstanding feature of
this adsorbent is its magnetic property. Adsorption was endothermic and
spontaneous, and the optimal adsorption conditions are shown in
Table 4 which resulted in an adsorption capacity of 20.57 mg/g. It was
observed that AC had a greater BET surface area (1629.6 mz/g)
compared to AC/Fe304@SiO2-APTMS (534.43 mz/g) which was
explained by the blocking of the pores by the Fe3O4 particles. The
adsorbent was regenerated using sodium hydroxide and was effective
for 4 cycles where the efficiency decreased from 97.85 % to 65.28 %

because the functional groups are degradable and active carbon sites are
reduced [52]. During the regeneration of the adsorbent, the magnetic
feature was useful in removing the adsorbent effectively with minimum
losses, which is beneficial from an economic perspective.

Shu et al. studied the performance of maghemite-incorporated hy-
droxyapatite (HAP/y-Fe;03) as an adsorbent for the removal of HA from
water [90]. Batch adsorption experimentation was carried on by varying
pH from 3 to 10, 180 rpm, initial HA concentration between 20 and 80
mg/L, an adsorbent dosage of 0.1 to 3 g/L, and temperatures between
298 and 313 K. Through characterization — FTIR in particular — it was
shown that the maghemite did not present considerable change in the
chemical structure of HAP and the adsorption mechanism was
completely interpreted as a physical [90].

Magnetic nanoparticles (Fe3O4 NP) were synthesized from sand and
studied for the removal of HA from Indonesian peat water [50]. Batch
experiments were done in a thermostatic shaker by varying the tem-
perature from 25 to 55 °C, pH from 2 to 12 and operation time from 1 to
240 min, where equilibrium was attained at 90 min. The optimal ca-
pacity of Fe3O4 NP for HA adsorption was found to be 43.32 mg/g,
where the adsorption fitted the Sips isotherm and PSO kinetic models.
The adsorption of HA on the nanoparticles was non-spontaneous and
endothermic [50]. Another adsorbent was synthesized from an oyster
shell and was supported by nano zero-valent iron nanoparticles (nZVI)
for the removal of HA (5 mg/L) from water [91]. Characterization
studies showed that the main elements present on the surface were Ca,
0, Fe, Na, and lime. The BET surface area was 16.85 m?/ g which is fairly
low compared to other adsorbents. Adsorption of HA on oyster shell —
nZVI fitted the Freundlich isotherm best as well as PSO kinetics, where
the optimal adsorption capacity was noted to be 0.96 mg/g [91].
Pourbaghaei et al. were able to fabricate a composite material of nZVI
and chitosan biopolymer (nZVI/chitosan) for the adsorption of HA and
nitrate from wastewater [92]. Optimal HA removal was found to occur
at a pH of 5.5, dosage of 0.098 g, 27 min contact time, and initial HA
concentration of 30 mg/L, where 98.1 % removal of HA occurred. The
adsorption was governed by chemisorption, van der Waals interaction as
well as electrostatic interactions between the negatively charged RCOO™

Table 4

Iron-based and magnetic adsorbents for humic acid removal.
Adsorbent Capacity (mg/g) Conditions (highest removal) Isotherm model Kinetic model Mechanism Reference
PANI-coated mask 11.11 D=10g/L, pH =2, [HA]; =50 mg/L,t=1h N/A PSO Chemisorption [96]
Polyaniline (PANI) N/A D =1.75 g PANI in 5 mL water, [HA]; = 200 mg/L, pH = 8 N/A N/A N/A [95]
PANI-/H-TNB 339.46 pH=5T=298K,D=03g/L,t=24h Langmuir PSO Chemisorption [97]

KEY: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.
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groups in the HA and the positively charged NH3 in the chitosan
biopolymer surface. nZVI/chitosan underwent 4 cycles of regeneration
at minimum efficiency losses, where the adsorbent was magnetically
retrieved. The adsorbent also presented anti-bacterial properties, which
could be useful in wastewater treatment.

Wu et al. studied Fe@Fe,O3 nanowires that were used for the
removal of HA from water under anoxic conditions [93]. Optimal
adsorption (65.51 mg/g) was achieved at a pH of 6 and room temper-
ature. In anoxic removal, the solutions are purged with argon gas to
remove the oxygen and then the adsorbent is added [93].

3.5. Polyaniline-based adsorbents

Polyaniline (PANI) is a conductive polymer synthesized through
chemical/electrochemical methods using aniline, HCl and ammonium
persulfate. It is used as a conductor in many fields such as nanotech-
nology for the development of sensors, as well as anti-corrosion appli-
cations due to its low cost, easy synthesis, and high environmental
stability [94]. PANI was utilized in conjunction with other sheets and
fibers to aid the adsorption of HA from wastewater, as well as regen-
erating and re-using it as a conductor. Yeap et al. observed that 89.5 % of
the HA content was removed at an optimum dosage of 1.75 g PANI in 5
mL of water and an initial HA concentration of 200 mg/L. Regardless of
the excellent uptake of HA by the PANI, the electrical conductance of the
used PANI sheets was reduced by 14 times in comparison to fresh PANI
sheets. Therefore, as more HA adsorbs on the adsorbent surface, the
conductance of the PANI sheet decreases and hence reduces the chances
of reutilizing it as a conductor [95]. In an analogous study, facial sheet
masks were modified with PANI and used for HA adsorption as well as a
possible electrical conductor [96]. The PANI-coated mask was found to
be effective in HA removal (83.1 % removal). However, the use of the
mask as a conductor could not be evaluated due to no conductance value
obtained for such low loading of PANI (10 g/L), and at low pH's the HA
was observed to precipitate and form sludge, which requires an extra
cost to treat and is not very feasible [96]. Polyaniline/hydrogen-titanate
nanobelt composite (PANI/H-TNB) was synthesized and evaluated for
the simultaneous removal of HA and Cr (VI) from wastewater [97]. It
was found that >92 % of the natural organic matter (NOM) was removed
from drinking water in the Inner Mongolian area using this adsorbent, as
well as achieving a superb HA capacity of 339.46 mg/g using the con-
ditions highlighted in Table 5. The adsorption of HA was mainly through
surface complexation between the disassociated HA macromolecules
and the positively charged PANI. According to kinetic studies, the
dominating mechanism is chemisorption. PANI/H-TNB was regenerated
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for 10 cycles, where a small decrease in the capacity was noted and this
was justified by the incomplete desorption from the surface of the
adsorbent [97]. Future studies should target the use of PANI for elec-
trical conducting usage, which would give this adsorbent double benefit,
removal of HA and conductance of electricity.

3.6. Functionalized adsorbents

To increase the effectiveness of an adsorbent, other functional groups
are added to target the removal of certain pollutants from water.
Functional groups can be added in order to enhance certain properties of
the adsorbent such as mechanical strength. Santosa et al. synthesized an
adsorbent that is a composite of magnetite (Fe304) and Zn/Al layered
double hydroxide (LDH) for the adsorption of HA from wastewater. The
best adsorption capacity (35.28 mg/g) occurred at a pH of 4 and was
governed by electrostatic interaction. The use of Fe;04-Zn/Al LDH
adsorbent for water treatment was proven better than commercially
used alum since a dosage of 10 mg of adsorbent in 5 mL of water
completely removed the color exhibited by HA [98]. In comparison with
Zn-Al LDH without the magnetite, Flake Zn-AL LDH (FLDH) and mi-
crospheres LDH (MLDH) were compared for HA (25 mg/L) adsorption.
The FLDH exhibited superior adsorption capacity (84 mg/g) compared
with MLDH (60 mg/g), this was attributed to the surface properties of
the adsorbent and their interaction with HA. The adsorbents were suc-
cessfully regenerated for 5 cycles using potassium nitrate solution,
where the adsorbents experienced <20 % efficiency reduction. The
decrease in efficiency is attributed to the gradual damage of the crystal
structure of the LDH with continuous mixing [99]. When comparing
both adsorbents, it can be said that the modification of the Zn-Al with
magnetite decreases the adsorption capacity of the HA, this can be due to
the agglomeration of these particles or reduced surface area or pore
volume. In another study, the magnetite was also modified with
hyperbranched polyethyleneimine (HPEI) and then used as an adsorbent
for HA removal. Fe;04@HPEI nanoparticle concentration was optimized
using the Box-Behnken design tool, where it optimally adsorbed 97.27 %
of the HA (79 mg/L) at a pH of 3 and a dosage of 0.128 g/L. Regener-
ation studies carried out using 0.1 mol/L NaOH and deionized water,
FesO4@HPEI exhibited high removal efficiency even after 4 cycles
(82.83 %) [100].

Zhang et al. synthesized a fibrous adsorbent that is a combination of
cellulose acetate (CA) and chitosan fibers (CS) for the removal of HA
from wastewater. The electro spun CA/CS adsorbent exhibited excellent
mechanical properties such as its uniform morphology and high tensile
strength as well as a high adsorption capacity of 238.10 mg/g. The

Table 5
Polyaniline based adsorbents for humic acid removal.
Adsorbent BET surface Capacity Conditions (highest removal) Isotherm Kinetic Mechanism Reference
area (m?/g) (mg/g) model model
FeNi3/SiOy/TiO2 481 138 pH =3, [HA]; =5mg/L,t =90 min, D = Langmuir PSO Not reported [95]
0.1 g/L.
CoFe204@PBC- 116.095 240.58 T=25°C,pH=3,D=10mg,t=20min  Freundlich PSO Ton exchange & electrostatic [88]
LDH
CoFe204@BBC- 178.779 337.83 Freundlich PSO Ion exchange & electrostatic
LDH
AC/Fe304@SiO2- 534.43 14.6775 [HA];=30mg/L,pH=3,D=2g/L, t= Langmuir PSO Not reported [52]
APTMS 25 min
HAP/y - Fe203 100.5 54.95 (F) pH =7.5, 180 rpm, [HA]; = 20-80 mg/L, Freundlich & PSO Electrostatic attraction [90]
601.91 (S) D=1g/L, T=313K Sips
Fe304 207 43.32 D =0.1 g, V=50 mL water, [HA]; =10  Sips PSO Physical [50]
nanoparticles mg/L, t =90 min, T = 25 °C, pH = 2
Oyster shell nZVI 16.85 0.96 [HA]; = 5 mg/L, D = 0.5 g/100 mL, pH  Freundlich PSO Chemisorption [91]
=5,T=40°C, t =90-120 min
nZVlI/chitosan 63 pH=5.5,D=0.098 g, t =27 min, [HA];  Freundlich PSO Chemisorption, van der [92]
=30 g/L, [NO3]; =110 g/L Waals and electrostatic
Fe@Fe203 core- 31.1 65.51 pH =6, T = room temp, [HA]; = 40 mg/ Langmuir PSO Electrostatic attraction [93]
shell L,D=0.3g/L, V=>50mL

Key: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.
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adsorption process was facilitated by electrostatic interactions and was
found to be an exothermic process, and it was non-spontaneous [101].
Furthermore, a modified version of the CA/CS adsorbent incorporated
cellulose nanocrystals (CNC) via a one-step co-axial electrospinning
(CS/CA-CNC) [102]. The modified adsorbent exhibited smaller di-
ameters, greater homogeneity and better mechanical properties, while
the HA adsorption capacity was slightly compromised (151.41 mg/g).
The HA adsorption was facilitated by electrostatic adsorption between
the deprotonated HA carboxylic groups and protonated nitrogen-
containing groups of chitosan [102]. The cotton-Linter-based adsor-
bent was fabricated from dimethyl aminoethyl methacrylate (DMAEMA)
then quaterinized and protonated to produce QCL and PCL adsorbents
for HA removal [49]. The adsorbent-HA interaction was dependent on
electrostatic interactions, where maximum capacities of QCL (333 mg/
g) and PCL (250 mg/g) were exhibited at 30 °C, pH of 6 and in a contact
time of 24 h. It was realized that QCL adsorbent was more efficient than
PCL due to the higher rate constant and adsorption rate. Desorption
experiments were performed, where the highest desorption efficiency
(75.98 %) was performed using 3 M NaOH and was governed by ion
exchange [49].

Garnet media was modified with ferric chloride and was compared
with unmodified garnet for its performance in adsorbing HA from water
[103]. Both adsorbents showed good chemical and physical stability,
however, the performance of the adsorption capacity of the modified
garnet was 11-24 times better than the unmodified garnet, and the
conditions for these are presented in Table 6. The enhanced performance
was attributed to the modified garnet's surface roughness and positive
charge of the surface due to Fe;O3 which is hydroxylated to form car-
boxylic groups that easily bind with the functional groups present on the
HA. Through characterization, it was also proved that the surface area of
the modified garnet was approximately 2 times greater than the un-
modified one. This is because the modified garnet has a rougher surface
with more pits and pores than the modified ones [103], and a greater
surface roughness contributes to a lower contact angle [104], this sug-
gests a higher wettability of the adsorbent surface and therefore greater
adsorption since more of the HA is in contact with the surface. Minowa
and Maeda prepared a composite of hydrogarnet and poly (lactic acid)
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using an electrospinning technique for the removal of HA from water
[105]. Optimal adsorption capacities of HA (4.6 mg/g) were achieved
using 10 mm x 10 mm in 10 mL, pH 7 and an initial HA concentration of
7 ppm for 24 h. In another study, hydrogarnet was prepared from blast
furnace slag which is derived from steel and iron production plants. The
blast furnace slag underwent a hydrothermal reaction that converted the
slag into hydrogarnet structure used as an adsorbent for the removal of
HA from water [106].

In another study, nano-MgO particles were proven as an effective 2-
in-1 adsorbent and coagulant of HA from water [107]. The adsorbent
was much more effective than AC due to its high surface area (66.83 m?/
g) as well as its superb HA removal capacity (1260 mg/g) that was 76
times greater than AC, as well as its high regeneration ability of 10 cycles
through annealing at 500 °C. The excellent adsorption capacity is
attributed to the rapid hydrolyzation of MgO, this means that Mg (OH),
which is only soluble in neutral or acidic conditions was soluble. HA is
considered to have weak acid structures, so when MgO is dissolved in
water, it releases the Mg?" ions which serve as a multivalent cationic
coagulant that facilitates HA removal [107]. Despite the high adsorbing
capacity of nano-MgO particles, it can be observed that the regeneration
of this adsorbent requires a very high temperature which can be
considered quite costly/expensive.

Jarvis and Majewski reported the usage of plasma polymerized
allylamine (ppAA) coating on the surface of quartz particles [108-110]
for the removal of HA from water. The optimal adsorption capacity of
PPAA coated quartz particles was determined to be 0.055 mg/g, at an
initial HA concentration of 10 mg/L, dosage of 1 g in 10 mL, pH of 7 and
contact time of 30 min [109,110]. The adsorbent was also able to be
regenerated when rinsed with a pH 5 MilliQ solution, followed by
adding 10 mL of pH of 11 MilliQ solution for 30 min and was able to
achieve 4 cycles [109]. Several parameters affected the performance of
this adsorbent in removing HA from water; polymerization time, plasma
power, and allylamine flowrate [108-110]. Moreover, it was noted that
the ppAA film age did not affect the performance of the adsorbent [109].
The adsorption mechanism was classified as the electrostatic attraction
between the adsorbent surface and HA functional groups, since the
amine groups on the ppAA coated quartz particles are protonated and

Table 6
List of functionalized adsorbents for humic acid removal.
Adsorbent Capacity Conditions (highest removal) Isotherm model Kinetic Mechanism Reference
(mg/g) model
Fe304-Zn/Al LDH 35.28 D =10 mg, V = 5 mL of water, pH = 4 Langmuir PSO Electrostatic [91]
CA/CS nanofibers 238.1 pH=4,D=0.0011g,V=20mL, t =90 min, T = 25 °C, Langmuir PFO Electrostatic [101]
[HA]; = 30 ppm
CS/CA-CNC 151.41 Ph =4,D =1.2mg/20 mL, [HA]; = 30 ppm, 155rpm, T=  Not reported Not Electrostatic [102]
25 °C. reported
PCL 250 D=0.05gt=24h,T=30°C,pH=6 Langmuir PSO Chemisorption [49]
QCL 333 Freundlich PSO
Fe304@HPEI 476.2 [HA]; = 79 mg/L, D = 0.128 g/L, pH = 3, t = 29 min Freundlich PSO Chemisorption [100]
FLDH 84 T = room temp, pH = 7, D = 0.5 g/L, [HA]; = 25 mg/L Langmuir PSO Ligand & ion [99]
MLDH 60 Langmuir PSO exchange
Garnet 0.001 V =100 mL, adsorbent volume = 50 mL, t = 3 h, speed = Freundlich Not Physical [103]
100 rpm, T =26 °C,pH =7 reported
Modified garnet 0.02206 Langmuir and Not Not reported
Freundlich reported
Hydrogarnet/poly 4.6 10 mm x 10 mm, V=10 mL, pH =7, [HA]; =7 ppm,t=  Not reported Not Not reported [105]
(lactic acid) 24h reported
Blast furnace 192.3 pH =7, [HA] = 0-30 mg/L, t =24 h Freundlich Not Not reported [106]
hydrogarnet reported
Nano-MgO 1260 [HA]; = 354 mg/L,pH=6,D=0.2g/L,t =24 h, V=20 Freundlich Not Not reported [107]
mL reported
PPAA coated quartz 0.055 [HA];=10mg/L,V=10mL,D=1g,t=30min,pH=7  Not reported Not Electrostatic [110]
reported attraction
PPAA coated quartz Not reported [HA]; =10 mg/L,pH=7,D=1g,V=10mL,t=30min  Not reported Not Electrostatic [109]
reported attraction
PPAA coated quartz Not reported [HA)];=20mg/L,pH=5,D=1g,V=10mL,t =30min  Not reported Not Electrostatic [108]
reported attraction

KEY: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.
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positively charged at values below the isoelectric point [109]. The
studies by Jarvis and Majewski heavily shed the light on the effect of
varying synthesis conditions of the adsorbent on the adsorption process
rather than general operating parameters of the process, which is vitally
needed in evaluating the effectiveness of such adsorbent. Nevertheless,
there is a need to mention that the adsorption capacity attained by these
adsorbents was noticeably lower than that of other functionalized ad-
sorbents discussed in this section.

3.7. Natural adsorbents

Some materials inherently found in nature can be used as adsorbents
without modification for the removal of several pollutants including
humic acids from wastewater. These adsorbents are often referred to as
“green” adsorbents since they originated from low-cost materials and
are often sourced from agricultural sources, by-products, residues, or
even wastes, as well as other low-cost sources [111], this section will
highlight such adsorbents. Raw pumice stone as well as pumice modified
with several acids including acetic acid (CoH402-MP), hydrochloric acid
(HCI-MP), phosphoric acid (H3PO4~MP), sulfuric acid (H,SO4~MP) and
nitric acid (HNO3-MP) [112]. According to the adsorption studies un-
dergone, the modification of pumice stone with sulfuric acid attained
the greatest adsorption capacity of HA (65.71 mg/g) compared to raw
pumice stone (38.22 mg/g). It was also observed that the modification of
pumice stone with acids enhanced the capacity and effectiveness of HA
removal due to the effect of the acids on the surface of the adsorbents,
including the enhancement of the surface area and pore volumes [112].

Another type of “green” adsorbent was studied by Zhang et al. for the
removal of HA from water using modified aged refuse (MAR) [113].
Aged refuse is defined as the substance formed when the landfill refuse
reaches a steady state, and no more decomposition occurs. According to
Zhang et al., optimum HA capacity (29.18 mg/g) was achieved at a
dosage of 2 g/L, pH of 8 at a temperature of 25 °C and for 120 min. The
adsorption mechanism was governed by two aspects: physical by porous
structure as well as chemical adsorption by ions and proton exchange
between active sites of hydroxyl groups and other functional groups
[113].

A powdered eggshell was also used as an adsorbent for HA removal
from peat water [114]. Eggshell is commonly known for having car-
bonate materials as part of their chemical structure, which was backed
up through IR spectra and other characterization analyses. The optimal
adsorption conditions were defined in Table 7, where the adsorbent was
able to achieve a capacity of 126.58 mg/g, which is considered high
compared to other “green” adsorbents such as the MAR and modified
pumice stones. Desorption studies were used to evaluate the regenera-
tion and recyclability of the eggshell, where the saturated adsorbent was
gently washed with distilled water, then loaded with 50 mL of HCI at
different concentrations for 120 min. It was evident that as the con-
centration of the eluent was increased from 0.001 to 0.1 M the amount of
desorbed HA also increased. This is justified by the increase in repulsive
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electrostatic forces between the protonated adsorbate (HA) and the
adsorbent (eggshell powder) [114]. Powdered eggshell was also inves-
tigated by Mehri et al. for the adsorptive removal of HA from water
[115]. The eggshell powder adsorbent was prepared using an incubator
at 105 °C and 12 h. Adsorption experiments were carried out at variable
pH between 4 and 10, contact time between 1 and 80 min, and dosage of
4-6 g/dL. The adsorbent was regenerated 10 times, however, there was a
great reduction in efficiency (from 100 % to 60 %). The adsorption of HA
was governed by ion-exchange, chemical and electrostatic interaction,
as well as chelation and intra-particle diffusion [115]. The adsorption
capacity was found to be 101 mg/g of HA which is lower than what was
achieved in the study by Zulfikar et al. [114] which could be attributed
to the preparation of the adsorbent itself.

It is beneficial to include such low-cost adsorbents for the removal of
pollutants from wastewater since it would be a way of recycling and
reincorporation the waste in a useful manner, as well as reducing costs
for the disposal and treatment of these waste products. This is especially
evident in the MAR applications, as the population grows exponentially
and swiftly, the amount of solid waste increases and therefore more
landfills are needed. As a result, utilizing the aged refuse beneficially
would be both environmentally and economically friendly.

4. Isotherm and kinetic models
4.1. Isotherm models

Isotherm studies are usually carried out by a batch reaction where
the temperature is fixed, and the initial concentration of HA is varied.
Important information can be found from these isotherms such as the
maximum adsorption capacity of the adsorbent as well as the interaction
of the HA with the adsorbent surface and whether the interaction at the
surface is homogenous or heterogeneous. Two isotherms were found to
be abundant in the literature reviewed which were Langmuir and
Freundlich [116,117]. Table 8 summarizes the isotherm parameters
data for the majority of the adsorbents reported in the literature and
discussed in this paper. The data includes parameters for different iso-
therms such as Langmuir and Freundlich and their corresponding R>
values.

4.1.1. Langmuir isotherm
The non-linear form of the Langmuir isotherm is demonstrated as
[118]:

_ Guby C,

=11 hC,

where g, is the adsorption capacity at equilibrium conditions (mg/g), qm
is the maximum adsorption (mg/g), by is the Langmuir constant (L/mg)
(also referred to as K) and C, is the equilibrium concentration of the
pollutant (mg/L). The Langmuir isotherm assumes single-layer

Table 7
Natural adsorbents for humic acid removal.
Adsorbent Capacity Conditions (highest removal) Isotherm model Kinetic Mechanism Reference
(mg/g) model
Raw pumice 38.22 t=75min,pH=3,D=7g/L, Langmuir and PSO Physical [112]
HNO3-MP 57.31 [HA]; = 5mg/L, T = 25 °C Freundlich PSO Physical
H2S04-MP 65.71 PSO Physical
C2H402-MP 52.28 PSO Physical
HCI-MP 45.05 PSO Physical
Modified aged 29.18 D=2g/L,pH=8,t=120min, T=  Langmuir PSO Physical and chemisorption [113]
refuse (MAR) 25°C
Eggshell powder 126.58 pH=2,D=5g, V=50mL,t=60  Freundlich PSO Electrostatic attraction [114]
min, T = 25 °C, 100 rpm
Eggshell powder 101 pH=4,t=60min, [HA];=15mg/  Langmuir PSO Ton exchange, chemisorption, chelation, intra- [115]

L,D=5g

particle diffusion and electrostatic interaction

Key: T = temperature, D = dosage of adsorbent, t = time, [HA]; = initial concentration of humic acid, V = volume of water.
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Table 8
Adsorption isotherm data for reported adsorbents.
Adsorbent Isotherm Freundlich isotherm Langmuir isotherm Reference
Ky (mg/g) (L/mg)'/® n R? Ky (L/mg) R?

Cullar D (Cm1) Langmuir 0.079 2.883 0.748 2.797 0.941 [8]

Hydraffin 30 N (Hm1) Freundlich 0.048 2.519 0.983 0.484 0.957

Fe304-Zn/Al-LDH Langmuir 19,687 Not reported 0.9642 Not reported 0.9919 [98]

CA/CS nanofibers Langmuir 9 2.58 0.94 0.15 0.99 [101]

PCL Langmuir 9.331 1.939 0.9832 0.0042 0.9827 [49]

QCL Freundlich 14.22 2.347 0.9914 0.0084 0.991

Y-Na* (natural clay) Langmuir Not reported Not reported Not reported 0.049 0.9968 [70]

FeNi3/Si05/TiO4 Langmuir 66.42 1.808 0.79 1.18 0.954 [89]

Fe304@HPEI Freundlich 879 1.65 0.93 0.7 0.78 [100]

CoFe204@PBC-LDH Freundlich 49.476 2.416 0.986 0.15 0.969 [88]

CoFe204@BBC-LDH Freundlich 81.75 2.31 0.983 0.244 0.962

FLDH Langmuir 23.31 3.78 0.8495 0.094 0.994 [99]

MLDH Langmuir 16.11 4.28 0.8972 0.084 0.9997

Nano-ZIF-8 Langmuir 16.478 2.252 0.963 0.741 0.997 [84]

AC/Fe304@SiO2-APTMS Langmuir 11.19 5.85 0.5197 291 0.985 [52]

Modified garnet Langmuir and Freundlich 0.899 0.804505 0.99 0.034 0.997 [103]

AC Langmuir 5.61 1.46 0.993 Not reported 0.9967 [62]

AC-nZVI Langmuir 12.95 1.72 0.9929 Not reported 0.9951

Nano-MgO Freundlich 106 1.757469 0.968 0.0421 0.605 [107]

Raw pumice Langmuir and Freundlich 1.163 1.5625 0.983 0.032 0.962 [112]

HNO3-MP 2.223 2.702703 0.972 0.034 0.962

H2S04-MP 2.654 2.941176 0.993 0.032 0.951

C2H402-MP 1.914 2.12766 0.979 0.035 0.998

H3PO4-MP 2.142 2.325581 0.972 0.032 0.953

HCI-MP 1.5323 1.923077 0.961 0.038 0.991

Modified aged refuse (MAR) Langmuir 22.2255 0.1035 0.9534 0.0817 0.9998 [113]

Magnetic anion exchange resin (MAER-1) Freundlich 6.886 1.494 0.9709 0.00331 0.9493 [81]

MAER-2 Freundlich 5.017 1.403 0.9834 0.00254 0.9738

MAER-3 Freundlich 11.94 1.654 0.9875 0.00545 0.9529

DPCS0.05 Langmuir Not reported Not reported 0.895 6.59 0.952 [67]

HAP/y-Fe;03 Freundlich and Sips 16.63 4.249894 0.9991 0.272 0.8614 [90]

Fe304 nanoparticles Sips 4.16 1.785714 0.98 0.16 0.988 [50]

PANI/H-TNB Langmuir 93.78 4.03 0.736 0.099 0.94 [97]

Ziziphus jujuba Freundlich 9.78 2.02 0.949 0.22 0.978 [60]

MWCNTs Freundlich 48.66 0.684932 0.91 0.0017 0.88 [66]

Eggshell powder Freundlich 33.95 2.86 0.9996 0.108 0.895 [114]
Langmuir 43.51 3.04 0.927 1.16 0.996 [115]

MWCNTs-Zag Langmuir Not reported Not reported Not reported 0.54159 0.92957 [77]

ZN-Ag Langmuir Not reported Not reported Not reported 0.0522 0.95646

nZVI/chitosan Freundlich 43.89 1.67 0.9920 0.01 0.9998 [92]

Blast furnace hydrogarnet Freundlich 1.5 1.09 0.978 0.006 0.975 [106]

adsorption, or that adsorption occurs in a homogeneous state [119,120].

It can be observed in Table 8 that values of K;, vary drastically from
0.004 L/mg to 6.6 L/mg and there is no specific value that Ki, should fall
within. However, it is good to note that as the value of K}, increases, the
adsorption capacity decreases, this is evident when comparing clay “Y-
Na ™ which had a K, value of 0.049 L./mg and a HA adsorption capacity
of 115 mg/g, and DPCS0.05 with a K value of 6.59 L/mg and an
adsorption capacity of 99 mg/g. The value of Ky, is mainly influenced by
the relationship between the surface area and porosity of the adsorbent
which in turn influences the adsorption capacity [121]. Another great
tool to explore the isotherms of adsorption is through the Ry, value or the
separation factor. Different values of Ry, suggest if the adsorption process
is favorable or not. Studies in this paper barely addressed Ry, calculations
and therefore more information is needed to report such data and
discuss them.

4.1.2. Freundlich isotherm
The non-linear form of the Freundlich isotherm is given as [122]:

()
qe = kl-' C.

where kg is the Freundlich constant (mg/g) (L/g)", and n is the
adsorption intensity [123].

The Freundlich isotherm assumes multi-layer adsorption and that
adsorption occurs in a heterogeneous state. It can be seen in Table 8 that
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the value of Ky can vary drastically, however, it can be noticed that for
higher values of Kg, the adsorption capacities of adsorbents are also
enhanced [120], this is valid for adsorbents following the Freundlich
isotherm. For instance, Hm; adsorbent attained a K value of 0.05 (mg/
g)(L/mg)'/™ and a corresponding adsorption capacity of 0.135 mg/g,
while for Fe30,@HPEI the Kp value of 879 (mg/g)(L/mg)/® corre-
sponds to an adsorption capacity of 476 mg/g. This suggests that the
higher the Freundlich coefficient, the greater the adsorption capacity of
the adsorbent. Another important parameter in isotherm studies is the
adsorption intensity. When adsorption intensity “n” is >1, this suggests
that adsorption is favorable. In this case, the adsorption of HA on HAP/
y-Feo03 is much more preferable than the adsorption on MWCNTS since
the n values are 4.25 and 0.685 respectively. It can also be observed that
greater intensity of adsorption results in greater adsorption capacity as
well.

It was observed from Table 8 that the majority of the isotherm studies
in the previous cases obeyed the Langmuir isotherm. This suggests that
the adsorption of HA onto adsorbents usually occurs in single or ho-
mogenous layers.

4.2. Kinetic models

Kinetic models are important in the study of adsorption systems and
mechanisms since it demonstrates and predicts the removal rates of
pollutants. The two most common kinetic models are pseudo-first order
(PFO) and pseudo-second-order kinetics (PSO). Kinetic models are
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implemented by plotting the change in concentration over the change in
time to be able to calculate the rate at which HA particles are removed
from the solution, assuming the uptake is first-order or second order.

4.2.1. Pseudo-first order kinetic model
The non-linear form of the PFO kinetic model is shown as [116,124]:

G = ge — qgeexp(— ki t)

where q; is the adsorption capacity at time = t (mg/g), t is time (s), and
k; is the rate constant (min’l).

4.2.2. Pseudo-second order kinetic model
The non-linear form of the PSO kinetic model is demonstrated as
[125,126]:

_ qg sz
U= Gkt

where kj is the PSO rate constant (g/mg-min).
It was observed that most of the kinetic studies were fitted as PSO,
this shows that the adsorption of HA is mainly a chemical process and
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not a physical process. Usually, when ks is much greater than kj, the
adsorption process can be characterized as chemisorption [100]. Table 9
shows some reported adsorbents and the kinetic studies parameters such
as pseudo-first and pseudo second-order rate constants and corre-
sponding R? values. It was evident that k, values were mostly <1,
however, there are some anomalies in the data where the value of ks is
much >1. The value of ky usually depends on the operating conditions of
the adsorption process such as pH, initial concentration, etc. Moreover,
the value of ky is influenced by the particle size of the adsorbent, this
means that with larger particle sizes, smaller ko values are expected, and
this is due to an increase in interparticle diffusion resistance [127].

5. Factors affecting the adsorption process

5.1. Effect of changing pH

In most of the adsorption studies, the adsorption process was found
to be heavily dependent on pH, and it was also evident from Fig. 8 that
78 % of adsorbents were best performing at lower pH (acidic region pH
< 7). Unanimously, the effect of pH on the adsorption process -
regardless of the adsorbent used - was that as the pH increased, the

Table 9
Kinetic data of different adsorbents discussed.
Adsorbent Kinetic model PFO PSO Reference
k1 (min~") R? k2 (g mg~! min™1) R?

Fe304-Zn/Al-LDH PSO 0.009 0.9404 444 0.9963 [98]

CA/CS nanofibers PFO 0.05 0.98 0.19 0.95 [101]

Zn0O-30N-zeolite PSO 1.4494 0.9769 0.0743 0.9998 [79]

PANI-coated mask PSO 0.0459 0.942 0.0166 0.999 [96]

Graphene (G) PSO 0.03 0.39 0.16 1 [65]

Graphene oxide (GO) PSO 0.02 0.8 0.05 1

PCL PSO 0.006389 0.7207 0.0153 0.9991 [49]

QCL PSO 0.063483 0.7772 0.0229 0.9982

FeNiz/SiO2/TiOy PSO 0.0175 0.81 0.00339 0.99 [89]

Fe;04@HPEIL PSO 0.000036 0.42 0.0000087 0.999 [100]

Hydrogarnet/zeolite composite PSO Not reported Not reported 0.00383 Not reported [83]

CoFe204@PBC-LDH PSO 1.8108 0.9475 0.0276 0.9651 [88]

CoFe204@BBC-LDH PSO 1.3278 0.8651 0.0118 0.9097

FLDH PSO 0.013 0.7615 0.00029 0.9997 [99]

MLDH PSO 0.004 0.9698 0.00014 0.9998

Nano-ZIF-8 PSO 0.741473 0.997 0.0016 0.982 [84]

AC/Fe304@SiO02-APTMS PSO 0.0294 0.0699 0.946 0.999 [52]

AC PSO 0.0474 0.9099 0.0028 0.9914 [62]

AC-nZVI PSO 0.0437 0.8266 0.0108 0.9998

Raw pumice PSO 0.031 0.843 0.004 0.952 [112]

HNO3-MP 0.053 0.874 0.005 0.989

H2S04-MP 0.034 0.967 0.004 0.945

C2H402-MP 0.036 0.965 0.006 0.923

H23PO4 - MP 0.039 0.896 0.006 0.953

HCI-MP 0.034 0.893 0.008 0.978

Bentonite PSO 0.04 0.49 0.06 1 [74]

Montmorillonite 0.01 0.03 0.11 1

Modified age refuse (MAR) PSO 0.092 0.9187 0.002 0.9952 [113]

Magnetic anion exchange resin (MAER-1) PSO 0.02247 0.9378 0.0007304 0.9883 [81]

MAER-2 PSO 0.01572 0.9492 0.0004582 0.9973

MAER-3 PSO 0.02429 0.9302 0.0007197 0.9863

DPCS0.05 PSO 0.0029 0.5492 0.00118 0.9998 [67]

HAP/y-Fe;03 PSO 0.00723 0.9461 0.00821 0.9995 [90]

Fe304 nanoparticles PSO 0.029 0.918 0.059 0.998 [50]

ZnO coated zeolite PSO 0.019 0.9816 0.0064 0.9966 [80]

PANI/H-TNB PSO 0.010133 0.902 0.000326667 0.998 [97]

Ziziphus jujuba PSO 0.00928 0.776 0.0003 0.988 [60]

Iron supported oyster shell PSO Not reported Not reported Not reported Not reported [91]

MWCNTs PSO 0.016 0.51 0.026 0.99 [66]

Fe@Fe203 core-shell PSO Not reported Not reported Not reported Not reported [93]

Eggshell powder PSO 0.05 0.749 0.113 0.999 [114]
PSO 0.28 0.926 0.01 0.998 [115]

MWCNTs-Zag PSO Not reported Not reported 0.003 0.978 [77]

ZN-Ag Not reported Not reported 0.026 0.9999

ZN-Ag PSO Not reported Not reported 14.336 0.99997 [78]

ZA-Ag Not reported Not reported 2.9574 1

nZVI/chitosan PSO 0.1303 0.9863 0.0001 0.9998 [92]

15



T. Alomar et al.

Neutral
14%

Acidic
78%

Fig. 8. Operating pH range of all adsorbents used for humic acid removal
including all publications cited in the current work.

amount of HA adsorbed on the surface decreased. There were several
reasons for this trend since the amount adsorbed depends on the nature
of the adsorbent surface as well as the properties of HA. Although HA
can exist in several and distinct structures, characterization methods
confirmed the presence of carboxylate groups, aliphatic and aromatic
hydroxyl groups which make HA negatively charged at high pH (pH > 2)
[8].

According to Santosa et al., the increase in pH disrupts the inter and
intra-bonds of hydrogen due to the ionization of the carboxyl group to a
carboxyl anion, which would break up the HA structure [98]. With
PANI-coated adsorbents, it was realized that the positively charged
surface adsorption was enhanced due to stronger electrostatic attraction
between the surface and the negatively charged HA at lower pH [96].

The value of the adsorbent's zero-point charge (ZPC) also affects the
surface's charge at different pH values. Most adsorbents such as QCL,
natural clay and FeNig/SiO,/TiO, exhibited positive charges at lower
pH, which facilitated the adsorption of the negatively charged HA
[46,70,89]. Moreover, HA was found to have a higher solubility in a
highly acidic medium and this property enhanced the adsorption of HA
[65,88]. However, decreasing the pH and especially the extremely acidic
conditions facilitate the HA precipitation to form a sludge that becomes
tedious to remove and expensive to treat [96,101]. Since HA would be
positively charged at low pH values, electrostatic repulsion can result if
the surface charge of the adsorbent is also positive [60].

Conversely, it can be observed in some studies that the increase in pH
had a considerably positive impact on the adsorption capacities of some
adsorbents [60,81,85]. This behavior was reasoned by the dissociation
of carboxylic and phenolic groups that are part of the HA structure [85]
as well as the variation of the zeta potentials due to this dissociation
[81]. The most prominent reason would be the HA and adsorbent
interaction at the specific pH [60].

In other studies, such as using ZnO-30N zeolite [80] adsorbent as
well as vermiculite/palygorskite [43], the pH had negligible or almost
no effect on the adsorption process. This was explained by the nature of
the columbic interaction between the surface of the adsorbent and the
HA structure [80]. No further explanation was provided regarding this
phenomenon; however, it is worth noting that the isoelectric point of the
adsorbent surface may be very high and therefore any change in the pH
of the solution would not affect the adsorbent surface as much as it
would if the material had a lower isoelectric point or point of zero
charges.
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5.2. Effect of initial humic acid concentration

Adsorption is a mass transfer phenomenon, and that suggests that the
movement of particles from the solution (high concentration) to the
adsorbent surface (low concentration) is mainly facilitated by the con-
centration gradient and hence the adsorption process relies so much on
the initial HA concentration [8,123]. As the initial HA concentration
increases, the amount of adsorbed HA increases. This trend is justified,
since increasing the initial HA concentration enhances the concentration
gradient and in turn, a greater driving force [63,108] between the so-
lution and adsorbent surface. This causes more HA molecules to be
adsorbed [70,95,96] at higher concentrations and the resistive forces
from liquid to adsorbent are overcome [91,100]. On the contrary, there
are instances where an increase in the initial concentration of HA in the
solution causes a decrease in the adsorption capacity and a decline in the
performance of the adsorbent. The reason for this trend is that as the
concentration of HA increases, and the dosage is kept constant, the
available surface area decreases, and therefore decreasing the adsorp-
tion capacity [53,62,89,112] since there are fewer available sites for the
adsorption of HA.

5.3. Effect of contact time

The contact time has an impact on the adsorption process since it is
performed in batch systems. As the contact time between the adsorbent
and water increases, the amount of HA adsorbed increases and once
equilibrium is reached, no more HA is adsorbed. Moreover, at initial
times the rate of adsorption is very fast until equilibrium times are
reached, then adsorption slows down and reaches a plateau. This trend
was justified by several studies, where it is explained that the pores and
spaces are vacant initially, and as time passes and equilibrium times are
reached, the spaces become occupied and are eventually full where no
more adsorption can occur [65,89,100,101]. Moreover, this plateau can
also be justified by the increase in repulsive forces amongst the adsorbed
HA molecules due to electrostatic repulsion [66,108]. This trend was
prevailing and unanimous amongst all the studies presented in this

paper.
5.4. Effect of adsorbent dosage

The adsorbent dosage influences the adsorption process, but this
varies from one adsorbent to another. In some cases, increasing the
adsorbent dosage enhanced the adsorption process, such as demon-
strated using Fe3O4@HPEI [100], PANI [95], pumice and its modified
forms [112], HAP/y-Fe;O3 [90], Fe304 nanoparticles [50], ZnO-30N
zeolite [80] and oyster shell-nZVI [91] adsorbents. The enhancement
in adsorption was due to more adsorption sites that allow for more HA to
be adsorbed on the surface.

On the contrary, contrasting trends were observed for adsorbents
such as CA/CS, FeNi3/SiO2/TiO2, G, GO and MWCNTs. As the dosage of
these adsorbents increased, the adsorption for HA decreased, this was
justified by the unsaturation of the surface where the entire capacity of
the adsorbent is not utilized [66,89] as well as the increase of interaction
between HA particles which decreases the amount of HA adsorbed [65].
This trend is also observed within many other adsorbents such as AC,
bentonite and montmorillonite nanoparticles and MAR. These trends
and observations were justified. As the adsorbent dosage increases,
competition amongst the HA molecules resulted in a lower capacity of
HA removal [59] and a decrease in the driving force, due to a high
number of pores and insufficient HA concentration in the solution to
keep up with the adsorption process [74,113]. Moreover, agglomeration
can also take place which reduces the effectiveness of the adsorbent and
cause the pollutant to overlap and crowd at higher dosage [114]. On
another note, the adsorbent dosage is an important operational param-
eter that needs to be taken into consideration since it shapes the efficacy
of the adsorbent as well as determines the cost-effectiveness of the
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process which is of high importance on the industrial scale.
5.5. Effect of temperature

The temperature at which the adsorption experiments are conducted
plays a major role in the performance of adsorbents. The effect on the
adsorption process is mainly determined through thermodynamic
analysis considering the evaluation of Gibbs free energy changes. For
adsorbents such as G, GO [65], nano-ZIF8 zeolite [84], and vermiculite/
palygorskite composite [43], an increase in temperature will decrease
the adsorption capacity or percentage removal of HA from water. This is
because the adsorption process of these pollutants is an exothermic re-
action. This might be justified because an increase in temperature in-
creases the kinetic energy of the particles. This may result in frequent
collisions and often a difficulty for the HA particles to stay within the
pores. Contrarily, the effect of temperature can be quite the opposite, as
an increase in temperature will result in an enhanced adsorption ca-
pacity and efficiency. This trend can be linked to the adsorption process
being an endothermic process [8,50,52,74]. There might also be other
explanations for this trend, such as in AC [59], where the increase in
capacity at higher temperatures might suggest that the adsorption pro-
cess is physical because of the increase in the degree of freedom at the
solid-liquid interface during adsorption. When studying Ziziphus jujuba
adsorbent, the increase in capacity with increasing temperatures is
attributed to the formation of new sites as well as the speeding up of
originally slower steps in adsorption [60]. It was also observed that as
the temperature increased, the internal structure of the oyster shell-nZVI
adsorbent swelled up, hence, enhancing the interaction between
adsorbent and adsorbate. Moreover, the diffusion rate of HA into both
the external and porous layers increases as temperature rises [91]. Using
eggshell adsorbent [114] for the removal of HA from water, the varia-
tion of temperature did not affect HA removal or the performance of the
adsorbent and was considered merely an economic aspect. This suggests
that in this case, a lower temperature is preferred due to lower costs of
operation (since higher temperatures require more energy and are
therefore economically unfavorable).

5.6. Effect of ionic strength

The availability of anions and cations (in other words, the ionic
strength), plays a role in the performance of the adsorption process and
has a major effect on it. Ionic strength is usually investigated through the
variation of concentrations of KNO3, Ca (NO3),, or even NaCl. According
to Hosseinzehi et al., as the concentration of NaCl varied from 50 to
1000 mg/L, the amount of HA adsorbed on AC/Fe304@SiO2-APTMS
slightly decreased from 98 % to 95 %, which was a result of the
competition between the chlorine anions and the HA functional groups
[52]. In contrast, the increase of ionic strength (through the increase of
concentrations of KNO3 and Ca (NOs)2) increases the ability of HAP/
v-FeoO3 and ZnO-30N zeolite adsorbents to remove HA. This was
attributed to the complexation of the surface in HAP/y-Fe;O3 [90],
while in ZnO-30N zeolite [80], it was because of the electrostatic
repulsion between the HA in the solution and HA that is adsorbed on the
surface due to calcium ion bridging [128]. Therefore, it is recommended
to direct research towards the effect of ionic strength on the removal of
HA from water, which would benefit in coming up with solutions for HA
removal in water types with very high salinity or ionic strength, and also
because there could be various types of ions in the water that can affect
the adsorption of HA.

6. Regeneration of adsorbents

The regeneration and reusability of adsorbents are vital consider-
ations when assessing the effectiveness of the adsorbent because ca-
pacity alone is insufficient in determining its efficacy. Regeneration of
the adsorbent involves desorption of the adsorbate (in this case HA) and
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going through the adsorption process again to evaluate if the adsorbent
under study can be used more than once. This is useful in the industrial
field because it is considered cost-effective to be able to reuse the same
adsorbent instead of consuming fresh adsorbent for each cycle, espe-
cially when the adsorbent saturates in a short time. The regeneration of
adsorbents could be performed chemically, and thermally, using ultra-
sonication or washing with water.

The most prominent method of regeneration was using chemical
eluents to desorb the HA from the pores of the adsorbents such as NaOH
solution. PCL and QCL adsorbents were regenerated once using 3 M
NaOH for 24 h and the efficiency was reduced to 76 % for both adsor-
bents [49] which is a quite significant drop in efficiency for the first
cycle only. Similarly, Fe304@HPEI was regenerated four times using 0.1
M NaOH, and after the 4th cycle, the efficiency of adsorption decreased
by 17 % [100]. Adsorbents prepared from functionalized magnetic
biochar on popular sawdust (CoFe;04@PBC-LDH) and bamboo powder
(CoFe304@BBC-LDH) were regenerated using 0.1 M NaOH as eluent for
2 h followed by washing with deionized water [88]. The adsorbents
were able to be reused for 7 cycles, where after 7 cycles, the adsorption
capacity of CoFexO4@PBC-LDH decreased by 29 %, while for
CoFe304@BBC-LDH the capacity decreased by 46 %. This is a major
decrease; however, it can be seen that this was reasonable since 7 cycles
were achieved before the capacity is compromised. AC/Fe304@SiO2.
—APTMS could also be recycled using NaOH as an eluent for 4 cycles,
after which the efficiency of the adsorbent decreased to approximately
65 % [52]. It can be argued that the efficiency drops drastically after 4
cycles, however, after the first cycle, the capacity is barely compro-
mised, so a reasonable number of reuses should be established to be <4
and >1. Analogously, activated carbon with nZVI (AC-nZVI) was re-
generated for 5 cycles using 0.1 M NaOH solution [62]. After 5 cycles,
the efficiency has decreased by 27 % and similar to AC/Fe304@SiO.
—APTMS, after the first cycle, the efficiency dropped to 93 % which is not
that significant, and therefore a suitable number of cycles is required
between 1 and 5. PANI/H-TNB underwent regeneration studies using
NaOH as an eluent (0.1 M) [97]. The capacity of PANI/H-TNB was re-
ported to decrease from 129 mg/g in the first cycle to approximately 97
mg/g after the 10th cycle. This is a significant decrease even from the
first cycle since the adsorption capacity reported in the study was 340
mg/g which corresponds to a >40 % drop in the first cycle only. This was
justified by the deficient desorption of HA molecules from the adsorbent
surface, and this calls for an optimization of the desorption process,
perhaps experimenting with other desorption/regeneration methods.

Other eluents can be used for the regeneration of adsorbents, such as
ethanol, HCI, NaCl solution, or even deionized water (MilliQ) that is
altered at different pHs. For example, surfactant-modified zeolite (SMZ)
was regenerated using 25 % (v/v) of ethanol solution for three cycles
[85]. It was effective after 3 cycles, as the capacity was barely affected
(approx. 4 % decrease in capacity). The regeneration of MAER-3 was
compared using a NaCl solution (10 % w/w) and a mixture of NaCl and
NaOH (10 %, 1 %) [81]. It was found that the pure NaCl solution was less
effective than the mixture of NaCl and NaOH, since after 21 cycles the
decrease in adsorption efficiency was 26 % and 7 % respectively. On
another note, the regeneration of nano-ZIF-8 zeolite was attempted
using water at 25 °C which was ineffective [84]. Therefore, water at
85 °C was used and was successful for 4 cycles where the efficiency was
insignificantly reduced to 90 %.

Ultrasonication can also be used for the regeneration of AC [59]. The
process of ultrasonication involves subjecting the liquid to high-
frequency ultrasound waves with a frequency of >20 kHz to facilitate
agitation. The process of ultrasonication was performed at a frequency
of 37 kHz to desorb the HA from the AC for 10 min, and after the first
cycle, the adsorption capacity was shown to increase to approximately
43 mg/g [59], this increase was not justified and was probably due to a
change in the morphology when subjected to high amounts of energy.
After the first cycle, the capacity was not affected as much and was
insignificant, however, it was justified by the blockage of the pores on



T. Alomar et al.

the surface.

Thermal regeneration was proven effective in many adsorbents such
as nano-MgO, FLDH, MLDH and Fe-montmorillonite. FLDH and MLDH
underwent thermal treatment at 455 °C for 6 h and then used 0.03 M of
KNOj3 [99]. Both of the adsorbents were able to achieve <20 % capacity
reduction after 5 cycles which was a great performance. Moreover, Fe-
montmorillonite was regenerated by calcination at 300 °C and was
able to achieve 5 cycles of regeneration without compromising
adsorption efficiency [53]. Also, nano-MgO was regenerated by
annealing (type of heat treatment) at 500 °C for 10 cycles and even after
10 cycles, the adsorption capacity barely decreased [107]. This shows
thermal regeneration is an effective form of regeneration that ensures
the integrity of the adsorbent and that does not compromise the
adsorption capacity. Nevertheless, it needs to be taken into consider-
ation that heat treatment at very high temperature such as discussed
previously are not environmentally friendly since they require an energy
source and ultimately its cost is increased due to the need for constant
heating for regeneration.

The adsorbent that was able to achieve the best regeneration ability
(despite the adsorption capacity) was MAER-3, with 21 cycles and where
the capacity was not drastically compromised. This is attributed to its
high DAI content, which also contributed to anti-fouling properties.

7. Conclusions and recommendations

In conclusion, humic acid is a type of natural organic matter that is
formed from the decomposition of organic matter and is a critical
pollutant to remove. Humic acid can react with disinfectants to produce
carcinogens and toxic substances, and the need for its removal is critical.
Adsorption is an effective process for the removal of humic acid from
wastewater as many types of adsorbents were able to efficiently remove
HA such as AC/carbon-based, zeolites/resins, natural and modified
clays, iron-based, PANI-based, functionalized, and natural adsorbents.

Adsorption of HA is dependent on many factors such as pH, initial HA
concentration, adsorbent dosage and contact time. The adsorption of HA
on many adsorbents mostly followed the Langmuir isotherm and was
characterized by pseudo-second-order kinetics. When comparing the
adsorbents, the adsorbent with the greatest reusability was MAER-3
with 21 cycles of regeneration. On the other hand, nano-MgO ach-
ieved the best HA adsorption capacity of 1260 mg/, and garnet achieved
the lowest adsorption capacity of 0.001 mg/g. However, the adsorbent
that achieved the best performance in terms of both regeneration and
capacity was nano-MgO, where 10 regeneration cycles were achieved,
and the efficiency stayed above 99 % even after 10 cycles. However, the
main drawback of reusing nano-MgO was that the regeneration was at a
high temperature of 500 °C, which is not cost-effective or environ-
mentally friendly. It can be concluded that the functionalized adsorbents
had the best performance since most of them could achieve high ca-
pacities of HA adsorption as well as regeneration abilities.

When reviewing the literature, it was evident that the focus was
mainly on studying adsorption in batch processes. Therefore, more effort
should be driven towards studying continuous adsorption processes such
as the use of fixed-bed processes. Moreover, studies were focused on
evaluating the removal of humic acid from synthesized solutions, new
studies should utilize actual wastewater from effluents of treatment
plants as part of their analyses to attain more realistic and relatable
numbers for adsorption capacities and operational parameters. To
implement these treatment processes, cost analysis should be carried out
to assess the feasibility of the treatment process, as well as the com-
parison between the adsorbents when implementing them on an in-
dustrial scale. Another promising approach is the use of integrated
processes for wastewater treatment, the applications for this idea can be
further applied and utilized in the removal of humic acid from waste-
water. Leaching of ionic compounds such as iron from the adsorbent
surface is also a possible phenomenon that can occur if the adsorbent is
unstable. This could suggest that the treated water is contaminated as
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well as the adsorbent surface and adsorption performance is compro-
mised. No information regarding this phenomenon was discussed in the
available literature, and therefore it would be beneficial to investigate
this issue even further.

Abbreviations

HA Humic acid

DOC Dissolved organic carbon

DBP Disinfection by-product

IARC International Agency for Research on Cancer

AOP Advanced oxidation process

AC Activated carbon

Cml Cullar D

Hml Hydraffin 30 N

G Graphene

GO Graphene oxide

ZIF-8 Zeolitic Imidazolate Framework — 8

PANI Polyaniline

LDH Layered double hydroxides

FLDH Flake Zn-Al LDH

MLDH  Microsphere LDH

HPEI Hyper balanced polyethyleimine

CoFe;04@PBC-LDH Mg/Al-LDH with magnetic biochar on poplar
sawdust

CoFe,0,@BBC-LDH Mg/Al-LDH with magnetic biochar on bamboo
powder

CA Cellulose acetate

CS Chitosan fibers

DMAEMA Dimethyl aminoethyl methacrylate

QCL Quaterinized DMAEMA on cotton-linter
PCL Protonated DMAEMA on cotton-linter
PFO Pseudo-first order

PSO Pseudo-second order

nZVI Nano zero valent iron

MWCNT Multiwalled carbon nanotubes

DPCS Dual-pore mesoporous carbon shell

KTD-Kaolinite Kaolinite extracted from King Talal sediments

FHA-Kaolinite Commercially bought kaolinite

Fe-Montmorillonite Iron modified montmorillonite

7ZN-Ag  Natural silver doped zeolite

MWCNT-Z Ag Multiwalled carbon nanotubes silver doped natural
zeolite

7ZA-Ag  Synthetic silver doped natural zeolite

7n0-30N zeolite ZnO coated zeolite modified with 30 % nitric acid

MAER  Magnetic anion exchange resin
DAL Diallyl itaconate

NZ Natural zeolite

SMZ Surfactant modified zeolite

HDMTA Hexadecyltrimethylammonium bromide

AC/Fe304@Si0>-APTMS AC from sawdust, magnetized by Fe3Oy,
coated by SiO; and functionalized by APTMS

APTMS  3-Aminopropyltrimethoxysilane

HAP/y-Fe;0O3 Maghemite incorporated hydroxyapatite

Fe304-NP Magnetic nanoparticles

Fe@Fe,03 Core shell nanowires

PANI/H-TNB Polyaniline/hydrogen-titanate nanobelt composite

NOM Natural organic matter

MAR Modified aged refuse

CoH505,-MP  Pumice stone modified with acetic acid

HCI-MP Pumice stone modified with hydrochloric acid

HNO3-MP Pumice stone modified with nitric acid

H,SO4~MP Pumice stone modified with sulfuric acid

Fe304 Magnetite

Fe;04~7Zn/Al LDH Composite of magnetite and Zn-Al LDH

Fe;04@HPEI Magnetite modified with HPEI
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PPAA

CEC
CNS

Plasma polymerized allylamine
Cation exchange capacity
Central nervous system
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