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A B S T R A C T   

The development of novel materials and their application as adsorbents to improve water quality is one of the 
branches of materials science that has advanced significantly in the last decade. Due to the contamination of 
water resources with antibiotic residues, and the concern to contribute to the development of antibiotic resis-
tance, scientists have tapped into agricultural and industrial wastes in order to transform them into new func-
tional adsorbents that allow the adsorption of these pollutants. This review aims to summarize the different types 
of adsorptive materials that can be prepared using these residues and their application for removing antibiotics. 
From the reviewed literature, the adsorbents were classified as raw materials, surface-modified adsorbents, 
waste-based composites, carbon-based materials, and other adsorbents like zeolite, nano-hydroxyapatite, nano- 
cellulase, nano-silica, among others. Biochar and hydrochar are two of the most studied carbonaceous materials, 
with adsorption capacities ranging from 10 to 944 mg/g. Other leading adsorbents from the same family include 
mesoporous carbons, hierarchical and heteroatoms-doped porous carbons, and bio graphene, with surface area 
and adsorption performance over 1000 m2/g and 500 mg/g, respectively. The most outstanding material pre-
pared from waste was zeolite analcime, produced from electrolytic manganese residue, removing 1922 mg/g for 
roxithromycin. In addition, new methodologies or combined methods to produce these adsorbents, including 
new modifier agents (ionic liquids and deep eutectic solvents), templating, self-templating, doping techniques, 
and thermo-chemical approaches were reviewed for the first time. Furthermore, particular emphasis was given to 
photocatalyst-loaded adsorbents due to their synergistic effect of adsorption and degradation of antibiotics. 
Finally, novel methodologies to regenerate saturated adsorbents were discussed, such as UV radiation-assisted 
regeneration and ultrasound.   

1. Introduction 

In recent years, the presence of substances called emerging pollut-
ants, including antibiotic residues, has been detected in aquatic envi-
ronments. The incomplete removal of antibiotics by conventional 
wastewater treatment plants and the free discharge of domestic, hospital 
and pharmaceutical industry wastewaters loaded with these micro-
pollutants into rivers, lakes, and other aquatic environments has favored 
their accumulation in the environment. The indiscriminate use of this 

medicine in humans and animals, together with their high persistence in 
the environment, make antibiotics a dangerous pollutant for the envi-
ronment. Nowadays, traces of antibiotics have been detected not only in 
wastewaters, surface water, or groundwater but also in drinking water 
and food crops [1–4]. Consequently, aquatic animals and human beings 
are constantly exposed to these micropollutants, whether through the 
direct consumption of contaminated water or food grown with this 
water, which represents a significant threat to food safety and human 
health. Accordingly, their potential toxicity, teratogenicity, and 
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genotoxicity in aquatic organisms have attracted notable attention as a 
severe environmental apprehension. To date, a series of reviews have 
summarized the presence of trace amounts of antibiotics in aquatic en-
vironments, their occurrence, as well as their persistence, and their 
adverse impacts on human health and aquatic organisms [5–8]. Among 
these adverse effects, the emergence of bacteria resistant to antibiotics is 
of greatest concern to human health. 

In the face of this environmental issue, there is an urgent need to 
remove antibiotics residues effectively from wastewaters to reduce their 
contact with the environment and humans. Several technologies have 
been successfully applied to remove these micropollutants. A general 
and systematic overview of these technologies is presented by Ahmed 
et al. [9] and Lu et al. [10]; among these, chemical, physical, biological, 
condition-based and combined strategies are summarized. The current 
status of antibiotics removal by advanced oxidation [11], biological 
[12,13], photocatalysis [14,15], membrane separation [16], and 
adsorption processes [17] have also been thoroughly reviewed. 
Adsorption is the most attractive technology among these technologies 
due to its low cost, easy design, simplicity, high efficiency, and easy 
scaling up. In addition, it is a method that has shown promising results 
for removing a wide variety of contaminants from aqueous media. 

The essential factor in adsorption is the adsorptive materials since 
antibiotics are retained by physical or chemical forces in their active 
sites. Two critical aspects of an adsorbent are its adsorption rate and its 
adsorption capacity, which can be evaluated by equilibrium and kinetic 
studies in a batch system. A high rate of pollutant removal is essential 
from a practical viewpoint, as well as a short time to reach equilibrium 
since it entails that more volume of treated effluent can be treated in a 
short time. On the other hand, the adsorption capacity is determined by 
the properties of the adsorbent, mainly due to its porosity, specific 
surface area, and the presence of specific functional groups. The net 
surface charge, hydrophobicity/hydrophilicity ratio, pore distribution, 
reactivity, and dissociation constant are other fundamental properties. 
At present, a wide variety of bright synthetic adsorbents have been 
created for removing antibiotics from the aqueous medium; among 
these, layered double hydroxides [18], covalent-organic frameworks 
[19,20], metal–organic frameworks [14], hyper-cross-linked polymers 
[21], MXenes [22], and cyclodextrin polymers [23] have been exten-
sively reviewed. Nevertheless, despite their remarkable adsorption 
performance, there are still technical limitations that inhibit their large- 
scale production, such as complicated synthesis procedures, use of toxic 
and expensive organic chemicals, high energy consumption, and unique 
and specific equipment [24,25]. Another sustainable approach to pro-
ducing promising adsorbents is harnessing agricultural (AW) and in-
dustrial wastes (IW) derived from anthropogenic activities. 

When AW and IW were initially seen as eco-friendly and renewable 
sources to create adsorbents, scientists began testing them to remove 
conventional pollutants. At first, AW and OW were applied in their 
natural or raw state, then chemical-modified adsorbents and waste- 
derived carbonaceous adsorbents appeared. Moreover, in recent years, 
the formation of waste-based composites and multi-functional materials 
derived from AW and IW have been prepared and used to remove an-
tibiotics. Nonetheless, few review articles cover the whole scenario 
concerning the fabrication of these waste-derived adsorbents. Conse-
quently, a review focusing on the different kinds of adsorbents obtained 
from AW and IW and their adsorption performance towards antibiotics 
is still needed. This review provides a comprehensive summary of the 
adsorption properties of different AW and IW-based adsorbents used for 
antibiotics removal; the review addressed from raw IW and AW to 
complex waste-derived adsorbents, examining issues such as advan-
tages, drawbacks, and challenges. The study highlights the contribution 
of several advanced methods to create promising adsorbents using these 
residues. Additionally, critical factors of these adsorption materials such 
as specific surface area, total pore volume, average diameter pore, and 
adsorption capacity were presented and discussed. Offering an updated 
and focused review to summarize the adsorption performance of waste- 

derived adsorbents for antibiotic removal is of great importance for the 
future development of wastewaters’ decontamination using green and 
sustainable adsorbents. 

2. Agricultural and industrial waste as adsorbents 

Agricultural and industrial wastes or industrial by-products have 
drawn attention to the adsorption field due to their eco-friendly 
approach and advantages such as easy access, high availability, and 
low cost compared to synthetic materials. These unorthodox materials 
are widely available in agro-industrial countries, and due to their high 
production, they have been analyzed as adsorptive materials within a 
circular economy approach. The structure of these materials has cavities 
and pores that allow the entrapment from small molecules, like metals, 
to complex molecules like dyes and antibiotics. Additionally, they have 
adequate adsorption capacity, feasibility to improve through chemical 
modification, and are susceptible to regeneration and degradability; 
these latter aspects lead to fewer problems in the final disposal after 
adsorption. 

3. AW and IW in their raw state 

Agricultural residues, food residues, and other industrial by-products 
in their raw state can be harnessed as low-cost adsorbents. On the whole, 
a simple pretreatment of crushing to increase their specific surface area, 
sieving, and washing to remove impurities is required before adsorption 
tests. Raw agricultural residues such as sugarcane bagasse, corn cob, rice 
husk have been employed to adsorb sulfamethoxazole (SMX) [26,27], 
ciprofloxacin (CIP) [28,29], and sulfadiazine (SDZ) [30]. Due to their 
content in cellulose, hemicellulose and lignin, functional groups like 
hydroxyl (− OH), alkyl (− CH3, − CH2), carbonyl (− COOH), and aromatic 
rings are present on the surface of these materials, and they are 
responsible for their adsorption properties [31]. Besides, some vegetable 
wastes have shown a fast adsorption rate toward several antibiotics, 
representing a practical benefit. For instance, Peñafiel et al. [29] 
employed raw sugarcane bagasse to remove CIP. This biosorbent 
removed 65% of CIP in the first 5 min and achieved an adsorption ca-
pacity of 16.6 mg/g at equilibrium. A similar effect was observed in the 
adsorption of SMX on corn cobs, removing 80% at equilibrium in the 
first 20 min [27]. The justification is due to the fact that organic residues 
are usually macroporous solids, where only the external diffusion con-
trols the transfer mass mechanisms and the contribution of internal 
diffusion is low, thereby the equilibrium is reached in short operation 
time. Some physical properties of these agricultural waste along with 
their adsorption performance for several antibiotics are illustrated in 
Table 1. Specifically, the specific surface area determined by the Bru-
nauer–Emmett–Teller method (SBET), average pore diameter (Dp), pore 
volume (Vp), removal efficiency (%R), time to reach equilibrium (te), 
and maximum adsorption capacity at equilibrium (qe-max) are 
summarized. 

Alternatively, industrial by-products from different sectors, 
including fruits and vegetable peels, sludge, blast furnace slag, fly ash, 
palm oil ash, red mud, and others, have been reused as adsorbents. 
Besides, these reusing approaches decline the environmental impacts 
due to poor waste disposal (Table 1). Dube et al. [45] employed fly ash 
as an adsorbent to remove CIP and isoniazid (ISO), reaching equilibrium 
at around 30 min with a low adsorption uptake of 3.12 and 7.09 mg/g, 
respectively. Similar poor adsorption capacities were found with other 
industrial by-products such as olive pomace (16 mg/g for TET) [42], 
bauxite residue with 6.34 mg/g for CIP [46], iron ore waste with 14.16 
m/g for norfloxacin (NOR) [43], and tamarind seeds with 9.17 mg/g for 
CIP [41]. However, some agricultural and industrial wastes also present 
adequate adsorption capacities (>100 mg/g), including spent coffee 
ground with 123.5 mg/g for tetracycline (TET) [49], wheat bran with 
159 mg/g for CIP [39], ripe and unripe papaya peels with 215.09 and 
213.99 for doxycycline (DOX) [36], and shrimp shell waste with 381.75 
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for TET [47]. Although, their long time to reach equilibrium was a 
negative aspect. Other physical properties of these wastes, like their 
specific surface area and pore volume, are also low compared to com-
mercial adsorbents, usually less than 100 m2/g and 0.03 cm3/g, 
respectively. Likewise, their average pore diameter is greater than 5 nm 
due to their high proportion of macro and mesoporous structure [31]. 

4. Approaches of surface modification 

An enormous drawback of these materials is that most of them have 
poor adsorption efficiency and low selectivity towards antibiotics in 
question, which is usually less than 100 mg/g in their natural state, as 
shown in Table 1. Nonetheless, this limitation can be overcome by 
surface modification, in which specific functional groups are incorpo-
rated or eliminated to/from their surface, controlling in this degree the 
adsorption properties. Besides, the porosity and specific surface area are 

reinforced alongside the subsequent improvement of adsorption per-
formance. Acid, alkaline, oxidizing, neutral, and organic agents can be 
typically employed to modify the functional groups of agricultural res-
idues and by-products [58]. These adsorbents are summarized in 
Table 2. 

The chemical modification influences the hydrophobic and lipophilic 
properties, the specific surface area and pore volume, surface charge 
properties, and the number of functional groups. In general, the acidic 
treatment induces a negative charge on the adsorbent’s surface, 
increasing the content of oxygen-containing functional groups, such as 
carboxyl, carbonyl, quinone, hydroxyl, lactone and carboxylic anhy-
dride. This last effect has also been observed with the use of oxidizing 
agents [59]. By contrast, the alkali modification provides a positive 
charge on the surface that optimizes the removal of negatively loaded 
species and increases the relative content of hydroxyl groups and surface 
area [58]. Hence, the type of modification must be done according to the 

Table 1 
Raw agricultural and industrial waste used as adsorbents for removing antibiotics.  

Adsorbent Antibiotica SBET (m2/g) Vp (cm3/g) Dp (nm) te (min) % R qe-max (mg/g) Ref. 

Sugarcane bagasse CIP 2.55 0.006 10.19 10 78 16.6 [29] 
Corn cob SMX 

CIP 
1.22 – – 10 

30 
85 
56 

0.85 
26.31 

[27,28] 

Rice husk CIP 0.78 – – 30 60 5.55 [28] 
Rice husk NOR 0.902 – – 40 78.2 20.12 [32] 
Coffee husk NOR 1.217 – – 60 91.3 33.56 [32] 
Barley straw NOR 1.8 – – – <70 56 (E) [33] 
Groundnut shell powder CIP – – – 15 79.6 8.07 [34] 
Palm bark AMX 124.36 – – 80 98.1 35.92 [35] 
Ripe papaya peels DOX – – – – 87.9 215.09 [36] 
Unripe papaya peels DOX – – – – 87.5 213.99 [36] 
Maize straw TYL 1.32 – – – >50 0.497 [37] 
Maize cob SMT 2.984 0.0029 3.01 1440 80 0.362 [38] 
Maize husk SMT 2.587 0.0022 2.46 1440 80 0.308 [38] 
Maize straw SMT 2.768 0.0024 2.69 1440 80 0.334 [38] 
Wheat bran CIP – – – 50 75 159.0 [39] 
Pomegranate peels CIP – – – 120 – 1135.0 [40] 
Tamarind seeds CIP 279.55 0.092 2.82 50 45.08 9.17 [41] 
Olive pomace TET 0.324 0.002 – 30 75 16.0 (E) [42] 
Iron ore waste NOR 24.60 – – 4320 > 90 14.16 [43] 
Fly ash NOR 6.12 0.023 15.23 120 97.8 54.69 [44] 
Fly ash CIP 

ISO 
5.50 – – 30 

30 
35 
49 

3.12 
7.09 

[45] 

Bauxite residue CIP 38.91 – – 720 75 6.34 (E) [46] 
Shrimp shell waste TET 8.90 – 4.47 900 – 381.75 [47] 
Mytella Falcata shells RIF – – – 35 45.57 < 5 [48] 
Spent coffee ground TET 419 0.23 – 20 97.2 123.46 [49] 
Pistachio nutshells SAR 4.24 0.0082 – 30 82.4 49.75 [50] 
Aloe vera leaves SAR 3.94 0.0112 – 30 29.15 3.50 (E) [50] 
Peel and seed of tomatoes CIP 2.594  – 3.16 240 96 0.76 (E) [51] 

Maple leaves CIP 1.058 – 5.26 240 98 0.75 (E) [51] 
Tangerine peel CIP 0.965 — 4.88 240 100 0.79 (E) [51] 
Eggshell TYL 1.059 – 6.70 ~60 50 0.13 [52] 
Oakwood ash TET 

OTC CTC 
– – – 15 80–10 0.059c 

0.020c 

0.009c 

[53] 

Pine bark TET 
OTC CTC 

– – – 15 90–100 0.260c 

243.22c 

0.060c 

[53] 

Mussel shell TET 
OTC 
CTC 

– – – 15 30–70 25.60c 

4.031c 

165.45c 

[53] 

Lemon and lime waste SMX – – – 50 48.51 0.9 (E) [54] 
Peanut shell SM 

SMT 
SFT 
SMX 

2.01 0.011 18.73 720–1200 85 
63 
60 
40 

0.83 
0.18 
0.20 
0.27 

[55] 

Steel shaving waste SMT TET 
CAP 

2.718 0.0113 16.6 30–60 40.6 
67.8 
91.4 

2.52 
1.72 
2.77 

[56] 

Rice husk ash OFL 32.6 – 6.5 200 93.4 8.478 [57]  

a Removed antibiotics in adsorption tests. 
c Expressed in mmol/g. 
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target antibiotic to be eliminated. For instance, Huang et al. [60] 
modified rice straw fiber with NaOH, which exposed the majority of 
cellulose and eventually improved the specific surface area and 
adsorption capacity, reaching 93.5 mg/g of CIP at equilibrium at 
approximately 35 min. Similarly, Chen et al. [44] used fly ash, a by- 
product of coal combustion, modified with HCl and NaOH in order to 
enhance its affinity towards NOR. It was observed that the alkali treat-
ment was more beneficial, improving the alkaline functional groups and 
SBET by 353% and 411%, due to the reaction of SiO2 on fly ash with 
NaOH. Subsequently, the alkali-modified fly ash adsorbed NOR effec-
tively, the adsorption capacity increased by 350%, passing from 54 to 
189 mg/g. Yin et al. [37] improved the adsorption efficacy for TYL by 
modifying maize straw with iron and manganese oxides, which trig-
gered a larger surface area than raw biosorbent (8.36 > 1.32 m2/g), 
prompting an considerable rise in adsorption of tylosin (TYL). This study 
also indicated that manganese and iron oxides exhibited a synergistic 
capacity that is greater than individual MnOx. 

Additionally, other chemical modifications, including esterification, 
etherification, and surfactant, have been adopted to develop functional 
materials using agricultural and by-product waste. Esterification and 
etherification methods aim to create esters and ethers by reacting hy-
droxyl groups on lignocellulosic structures with specific reagents [58]. 
Fan et al. [61] applied the esterification reaction to banyan aerial roots 
with HNO3, which successfully introduced new carboxyl groups on the 
fiberś surface that improved the adsorption capacity for CIP, passing 
from 42.56 to 86.58 mg/g. Etherification modification usually in-
troduces amino groups into the surface via the reaction of epichloro-
hydrin with lignocellulose in the presence of N,N-dimethylformamide. 
On the contrary, surfactant modification favorably enhances lignocel-
lulosic materials’ pore and hydrophobic properties by using cationic or 
anionic surfactants [58,62]. To the best of our knowledge, no studies 
have used either etherification or surfactant modification on lignocel-
lulosic waste and applied them to remove antibiotics. However, in either 
case, both esterification, etherification, and surfactant modifications 

Table 2 
Modified agricultural and industrial waste used as adsorbents for removing antibiotics.  

Adsorbent Treatment Antibiotic SBET (m2/g) Vp (cm3/g) Dp (nm) te (min) % R qe-max (mg/g)a Ref. 

Garlic peels HNO3 ENR – – – 10 >60 29.8 [79] 
Carbon black waste H2SO4 TET 

AMX 
375 – 6.63 100 

75 
80 
91 

205(E) 
65 (E) 

[80] 

Carbon black waste H2SO4 CIP 
SMX 

409 0.96 1.7 150 
450 

90–99 13 (E) 
10 (E) 

[81] 

Wheat straw ashes HCl TCL – – – 30 85–100 16.6 [82] 
Tamarind seeds HCl CIP 471.98 0.0171 2.68 80 73.0 125.0 [83] 
Fly ash HCl NOR 18.37 0.040 8.77 240 92.6 129.79 [44] 
Fly ash NaOH NOR 31.27 0.077 9.76 240 96.7 189.40 [44] 
Grapefruit peel NaOH CIP – – – 120 96.4 2.54b [84] 
Tamarind seeds NaOH CIP 432.80 0.0135 2.86 50 63.44 120.34 [41] 
Rice straw fiber NaOH CIP 9.62 – 3.63 35 37 93.5 [60] 
Maize straw MnOx TYL 10.55 – – 450 >50 13.31 [37] 
Maize straw FeMnOx TYL 8.36 – – 600 >50 12.92 [37] 
Sawdust FeCl3 TET – – – 120 98.40 5.41 [85] 
Calotropis gigantea fiber NaClO2 ENR 

CIP 
NOR 

– – – 50 
25 
25 

65–89 62.93 
49.51 
68.95 

[86] 

Wheat substrate H2SO4 and KOH ENR 11.0 – – 1200 100 48.36 [87] 
Termite feces H2SO4 and heating NOR 81.3 – – 60 98 104.4 [88] 
Waste tire rubber H2SO4 and boiling TET – – – 100 90 303 [89] 
Watermelon seeds H2SO4 and heating SMX 

SMT 
– – – 30 

30 
100 
97 

109.25 
97.80 

[90] 

Sawdust H2SO4 and heating SMX 
TET 

– – – 300 
175 

98 
100 

371.74 
337.84 

[64] 

Spent Coffee H2SO4 and heating SMX 
TET 

– – – 175 
50 

>50 
100 

256 
462 

[65,91] 

Peanut shell H2SO4 and heating TET 3.7 – – 180 85 303 [68] 
Pinecones H2SO4 and heating TET 4.55 – – ~75 100 357.14 [69] 
Tea waste H2SO4 and heating SMX 

TET 
– – – 240 

175 
100 
95 

258.87 
416.66 

[70,92] 

Oat hulls H3PO4 and microwave CIP 460.83 0.246 2.13 1800 80 83 [63] 
Barley straw H3PO4 and microwave LEV 

NOR 
1314 – – 2880 

4320 
100 
100 

408 
398 

[33,67] 

Maize cob NaOH and cellulase SMT 3.515 0.031 22.10 1440 80 2.92 [38] 
Maize husk  NaOH and cellulase SMT 3.145 0.028 17.365 1440 80 3.16 [38] 

Maize straw NaOH and cellulase SMT 3.324 0.029 19.56 1440 80 3.01 [38] 
Sausage tree waste Ionic liquid PEN-G 2.29 0.0078 – 40 ~70 73.57 [72] 
Rice husk ash Choline chloride-based DES OFL 23.12 0.03 6.5 400 77 35.77 [66] 
Calotropis gigantea fiber Poly(m-phenylenediamine) CIP – – – 10 >70 203.7 [77] 
Calotropis gigantea fiber Polydopamine CIP 

NOR 
– – – 50 

25 
>80 268.9 

105.8 
[78] 

Calotropis gigantea fiber Polypyrrole ENR 
CIP 
NOR 

– – – 180 
180 
180 

>40 
>55 
>75 

78.27 
76.61 
68.90 

[75] 

Construction and demolition waste APTES CIP – – – 100 71 124.5 [76] 
Steel shaving waste Plasma treatment SMT 

TET 
CAP 

4.562 0.016 13.6 30–60 48.9 
68.4 
95.5 

2.70 
2.16 
2.92 

[56] 

APTES: 3-aminopropyltriethoxysilane, DES: deep eutectic solvent. 
a Expressed by the Langmuir isotherm; otherwise, it is specified as experimental (E). 
b Expressed in mmol/g. 
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decline the specific surface area owing to blockage and narrowing of 
pores after the treatment [58], but with a simultaneous increase in the 
functional groups involved in the adsorption of organic pollutants, 
which translates into a better adsorption performance. 

Besides, a combination of different treatment methods can be applied 
to improve even further the properties of biomass-based adsorbents. For 
instance, Movasaghi et al. [63] applied a treatment with H3PO4 and 
microwave to raw oat hulls. The combined treatment produced a sub-
stantial weight loss of the precursor due to the decomposition and 
conversion of hemicellulose, lignin and cellulose; this drove fragmen-
tation and formation of a porous structure (Fig. 1a and 1b), increasing its 
surface area remarkably. Additionally, the acid treatment created acidic 
functional groups such as carboxyl, which enhanced the adsorption 

capacity by around 400% for CIP. Similar results were reported by Yan 
and Niu [33,67] with barley straw treated with H3PO4 and microwave to 
remove levofloxacin (LEV) and norfloxacin (NOR). Analogously, Zhang 
et al. [38] modified raw maize cob (MC), maize husk (MH), and maize 
straw (MS) using cellulase and NaOH, and applied them to adsorb sul-
famethazine (SMT). The modified MC had the highest adsorption per-
formance (531.78 mg/kg) owing to the hydroxyl and aromatic 
structures presented on the modified surface that interacted with SMT 
via hydrogen bonds and π-π EDA interaction. Similarly, Islam et al. 
[68,69] and Ahsan et al. [64,65,70] conducted a myriad of modification 
tests on lignocellulosic wastes (pine cone, tea waste, coffee waste, and 
sawdust) using a thermochemical method (sulfuric acid reflux at tem-
peratures below 100 ◦C). After the sulfonation process, samples showed 

Fig. 1. (a and b) SEM images of oat hulls before and after the treatment with H3PO4 and microwave. Reproduced with permission of [63]. Copyright 2021 Elsevier B. 
V. (c and d) Preparation of sulfonated coffee waste, FTIR spectrum, and possible interactions with SMX and TET with sulfonated coffee waste. Reproduced with 
permission of [64,65]. Copyright 2021 Elsevier B.V. (e) Preparation of RHA modified with DEs. Reproduced with permission of [66]. Copyright 2021 Elsevier B.V. 
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the presence of sulfonate groups such as SO3− and O––S––O, and despite 
that the treatment did not increase the surface area, the samples showed 
a remarkable improvement in the adsorption capacity (250–500 mg/g) 
for antibiotics like tetracycline (TET) and SMX due to the sulfonic groups 
(SO3-H). These new functional groups formed electrostatic attractions, 
π-π interactions, and hydrogen bonds with antibiotics (Fig. 1d). These 
studies corroborate that apart from the surface area, the functional 
groups on the surface are also an essential factor in the adsorption 
process. 

The ordinary acid and alkali solutions used as modifier agents usu-
ally are toxic and highly volatile in large volumes. In recent years, re-
searchers have intensified the lookup of new and greener solvents, and 
ionic liquids and deep eutectic solvents are presented as promising al-
ternatives. Ionic liquids (ILs) are made up of an organic cation and an 
inorganic or organic anion, unlike traditional solvents that are 
composed of molecules. Therefore, ILs show the properties of salts [71]. 
Besides, due to the strong electrostatic force among ions, ILs present low 
volatility and high viscosity; other desirable properties such as biode-
gradability can be adjusted by changing the type of cation and/or anion. 
In the adsorption field, ILs containing hydroxyl and carboxyl groups are 
seen as potential modifiers since –OH and –COOH functional groups 
can be introduced on the adsorbent’s surface. In this context, Lawal and 
Moodley [72] used a cationic IL (1-methyl, 3-decahexzyl imidazolium) 
at room temperature to modify waste from sausage trees; the treated 
adsorbent exhibited a better removal efficiency for penicillin G (PEN-G), 
passing from 5.51 to 73.57 mg/g. FTIR and XRD spectrums showed the 
removal of hemicellulose and decomposition of cellulose by the addition 
of IL. The presence of methylene groups was also detected; similar 
findings were reported in peanut shells modified with the same IL to 
remove other organic pollutants [71,73]. On the other hand, deep 
eutectic solvents (DEs) are an “improved version” of ILs, with greener 
credentials, easier to prepare, more biodegradable and inexpensive than 

ILs, but with similar properties and applications [74]. Recently, Kaur 
et al. [66] prepared a type of DEs using glycolic acid and choline chlo-
ride and employed it to functionalize risk husk ash (RHA) by sonication 
at 65 ◦C for 3 h (Fig. 1e). According to characterization analyses, the 
prepared adsorbent diminished SBET from 32.6 to 23.12 m2/g since DEs 
molecules were embedded inside the pores of RHA; the FTIR analysis, 
however, showed a prominent new peak due to the presence of –COOH 
group of glycolic acid on the surface of RHA, which eventually improved 
the removal of ofloxacin (OFL) from 50 to 77% with the formation of 
hydrogen bonds. Even though ILs and DEs are potential replacements for 
typical modification agents owing to their eco-friendly approach, to 
date, there are a limited number of published reports on the adsorption 
of antibiotics using ILs and DEs-modified agricultural and industrial 
waste. 

Finally, in this section, it is necessary to highlight the grafting pro-
cess. In this modification, a monomer is polymerized along with the 
structure of AW or IW; in other words, AW and IW materials are used as 
templates for the polymerization of a given monomer. Generally, the 
grafted adsorbent improves its surface functionality by introducing new 
favorable adsorption sites, which ensures the easy removal of antibiotics 
from the solution [58]. Based on this, Cao et al. [77] reported the 
polymerization of m-phenylenediamine (mPD) via the conventional 
chemical oxidative method by using Calotropis gigantea fiber (CGF) as a 
natural bio-template. A poly-mPD layer was formed along the fiber 
surface, declining the hydrophobicity and providing N-rich functional 
groups; however, the experimental adsorption capacity for CIP 
decreased as the dose of mPD increased due to the aggregation of 
polymeric particles and the formation of water clusters at the hydro-
philic sites. A similar aggregation phenomenon was observed with the 
polymerization of pyrrole on the surface of the same fiber [75], where 
CGF was first treated with NaClO2 to remove the attached wax (Fig. 2a). 
The authors reported adsorption capacities of 78.27 mg/g for 

Fig. 2. (a) Preparation of polypyrrole functionalized Calotropis gigantea fiber and adsorption of ENR, CIP, and NOR. Reproduced with permission of [75]. Copyright 
2021 Elsevier B.V. (b) Preparation of ICDW-APTES from ICDW using alkaline catalysis. Reproduced with permission of [76]. Copyright 2021 Elsevier B.V. 
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enrofloxacin (ENR), 76.61 mg/g for CIP and 68.90 mg/g for NOR with 
CGF coated with polypyrrole, 77.3 mg/g for CIP with CGF coated with 
poly(m-phenylenediamine), and 136.43 mg/g for CIP and 88.43 mg/g 
for NOR with CGF grafted with polydopamine [75,77,78]. Likewise, 
construction and demolition wastes were grafted with APTES (3-ami-
nopropyltriethoxysilane). The oxygen groups of silicates and aluminates 
from this waste reacted with the silanol group from APTES, yielding a 
very stable amino-functionalized adsorbent. The grafted material was 
applied in CIP adsorption, showing a maximum adsorption capacity of 
124.5 mg/g at 25 ◦C [76]. 

5. Agricultural and industrial waste-based composites 

Another strategy to create functional adsorbents with better 
adsorption performance towards target pollutants is the formation of 
waste-based composites. In general, a composite is made up of a matrix 
(dominant phase) and functional species, which maintain their own 
identity while contributing beneficial properties to the entire system. In 
recent years, waste-based composites have received tremendous interest 
since new functionalities can be introduced, creating a synergetic effect 
between two different materials, hence improving the adsorption per-
formance and selectivity. For the composite materials presented in this 
review, the traditional nomenclature was adopted, described as A/B 
composite in which A is the functional species and B is the matrix. When 
agricultural and industrial wastes act as the matrix, functional species 
such as nanoparticles, nanowires, and nanofibers can be loaded into the 
material in order to give these residues the nanomaterials’ properties 
and suppress their downsides. 

For the most part, nanoparticles (NPs) are super-adsorbents due to 
their excellent surface properties, small size, as well as high activity. 
However, the easy aggregation of NPs limited its performance and 
diminished the adsorption capacity and reactivity. To solve such 
drawbacks, various materials, including lignocellulosic structures, have 
been used as supporters for NPs producing composites or hybrid ad-
sorbents, which have shown improvements in the adsorption efficiency 
towards antibiotics. In particular, two methods have been extensively 
applied to create NPs/waste composites: the blending and in-situ growth 
methods. In the blending technique, NPs and the residue are mixed by 
mechanical stirring or sonification with a suitable dispersant, and then 
the solvent is separated by filtration to leave the composite material 
[93,94]; namely, Mohammed & Kareem [94] prepared a ZnO/Pistachio 
shell composite using this procedure (Fig. 3a). By contrast, in-situ 

growth method, the matrix is immersed in the solution containing NPs 
precursors and stirred under an N2 atmosphere. Then, the aqueous 
alkaline solution is added to form the NPs, with subsequent washing 
[95,96]. Fig. 3b depicts the procedure followed by Aydin et al. [95] to 
synthesize Fe3O4 NPs/red mud composite using this methodology. Some 
waste-based composites prepared using these methodologies are 
detailed in Table 3. 

Nanoscale zero-valent iron particles (nZVIs) are another effective 
nanomaterial to remove organic pollutants. A comprehensive review of 
the application of nZVIs and their composites in the removal of organic 
compounds was performed by Lie and colleagues [97]. An additional 
upside of nZVIs is that the removal of antibiotics occurs by adsorption 
and degradation when they are supported on agricultural waste [96,98]. 
Shao and colleagues synthesized wheat straw supported with nZVIs 
particles via in-situ growth methodology; SEM images indicated that 
nZVI particles were successfully supported on the straw, where the 
biomass inhibited the agglomeration of nZVI nanoparticles (Fig. 4b). 
The experimental results showed that, compared with nZVI and wheat 
straw, nZVI/wheat straw composite possessed higher removal efficiency 
with a maximum removal capacity of 363.63 mg/g for CIP at 25 ◦C. The 
enhancement was justified by the synergistic effect of adsorption and 
redox processes caused by Fe0 in the composite [96]. A similar syner-
gistic effect of adsorption and photocatalysis has been observed with 
other photocatalytic materials such as carbon nitride (g-C3N4) [99]. 

Furthermore, although some industrial wastes in powdered form 
show high adsorption efficiency for antibiotics, their form limits prac-
tical application due to the difficult recovery in batch systems and the 
high-pressure drop in continuous systems. Hence, researchers have 
focused on the encapsulation and magnetization of these waste mate-
rials in order to create composites that can be easily and selectively 
separated from aquatic environments, thereby facilitating their large- 
scale application. For the encapsulation approach, particles of AWs 
and IWs are confined in polymeric matrices in order to form granules or 
beads. Based on this, Mitra et al. [80] dispersed powdered leached 
carbon black waste (LCBW) in a matrix of carboxymethyl cellulose 
(CMC) to elaborate a composite in the form of beads (Fig. 4c). The 
approximate size of the CMC/LCBW spherical bead was 3 mm, yet its 
adsorption efficiency for SMX decreased by around 25% compared to 
powdered carbon black waste. The same effect was observed with 
LCBW/chitosan composite beads, where the adsorption capacity for TET 
was 181 and 39 mg/g with LCBW and LCBW-based composite, respec-
tively [80]. The reduction was attributed to the decline in adsorption 

Fig. 3. Solution blending method (a) and in-situ growth of NPs (b) for the synthesis of NPs/waste composites.  
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sites of LCBW owing to its encapsulation within the polymeric matrix 
and the increase in the mass transfer resistance (and longer path) of 
intraparticle diffusion [80,81]. On the other hand, magnetic modifica-
tion is also adopted in the development of functional adsorbents. 
Generally, magnetic nanoparticles (NPs) such as magnetite, maghemite, 
some ferrites, and metallic iron are loaded on the surface of the residue; 
the prepared material not only exhibits a response to an external mag-
netic field, but it in some cases also increases the adsorption efficiency. 
In this context, Aydin et al. [95] coated red mud with Fe3O4 NPs by the 
co-precipitation method and applied it for CIP removal. The synthesized 
Fe3O4/red mud composite had an adsorption uptake of 169.49 mg/g and 
a saturation magnetization of 12.1 emu/g that was enough to separate 
the particles by an external magnet. The study also demonstrated that 
the agglomeration and iron leaching of Fe3O4 NPs are overcome by 
combining these two materials. 

6. Carbonaceous materials derived from AW and IW 

Agricultural and industrial wastes can also be used as precursors to 
produce carbon-rich adsorbents. These carbonaceous materials (CMs), 
including biochar and hydrochar, have gained significant attention in 
recent years; compared to the commercial activated carbon, these ma-
terials are usually produced under lower temperature conditions and in 
an oxygen-limited environment, which represents an economic advan-
tage. Besides, CMs can be obtained from various organic feedstocks, 
including waste biomass, municipal waste, agricultural and livestock 
waste, food production, and industrial residues. Fig. 5a and 5b depict the 
primary carbonaceous materials covered in this review alongside their 
adsorption capacity. 

6.1. Biochar 

Although biochar (BC) was originally used for agricultural purposes, 
nowadays, this carbonized material is largely used in various fields, 
including adsorption. In liquid-phase adsorption, BC has shown excel-
lent adsorption properties for heavy metals, dyes, and other inorganic 
compounds. In general, pristine biochar is produced when a given 
feedstock is exposed to a thermochemical process called pyrolysis at 
temperatures up to 700 ◦C in an atmosphere with or without oxygen 
[104]. Depending on the precursor and pyrolysis conditions, such as 
temperature, time, carrier gas, and heating rate, different physico-
chemical properties can be obtained. An exhaustive review of the effect 
of these parameters has been reviewed by Krasucka et al. [105] and Janu 

et al. [106]. In relation to antibiotic adsorption, comprehensive reviews 
of the adsorption performance of pristine BCs, as well as modifications, 
can also be found in several reviews papers [104,107,108]. Since this 
topic has been thoroughly summarized in several papers, this review 
will only provide a brief overview, which focuses on recent de-
velopments and examples of particular interest to the readers; therefore, 
only BCs with outstanding adsorption capacities (qe-max ≥ 100 mg/g) 
were collected and detailed in Table 4. Additionally, several modifica-
tions and new approaches to create superior carbon-based adsorbents 
are discussed. 

Most pristine biochar shows limited antibiotics adsorption capacities 
(qe < 100 mg/g) mainly due to their poorly developed pores and limited 
surface areas [105]. For instance, biochar produced from wheat straw 
with 1.03 mg/g for SMX [109], from food scraps with 8.23 mg/g for TET 
[110], from soapsuds seeds with 33.44 mg/g for CIP [111], from palm 
oil fiber with 57.47 mg/g for cephalexin (CEX) [112], from pine bark 
with 58.47 mg/g for TET [113], from sewage sludge with 53.19 mg/g 
for amoxicillin (AMX), 24.57 mg/g for SMX, and 98 mg/g for TET, to 
name a few. This is in part due to the lack of affinity between the anti-
biotic and the adsorbent, which is influenced by aromaticity, polarity, 
and the absence/presence of required/not required functional groups on 
the BC. Hence, the adsorption properties of BCs need to be further 
improved. For this, the classical strategy is to activate BC physically or 
chemically; although the physical and chemical activations produce 
highly porous carbons with high adsorption performance towards anti-
biotics (qe > 400 mg/g) [114–116], yet these are old and energy- 
intensive methods and thus are not covered in this review. Instead, 
novel and newly developed methods were comprehensively reviewed. 
As discussed above, modification aims to change the surface’s chemistry 
and physical properties, giving specific functional groups for specific 
sorbates and increasing SBET and Vp. Some new physical modification 
methods include ball milling, microwave modification or microwave 
pyrolysis, and ultrasonic modification. Besides, like raw agricultural and 
industrial waste, the same chemical modification can be used to tailor 
the BC’s surface. Table 4 summarizes the adsorption performance of 
several modified BCs for the adsorption of antibiotics. 

6.1.1. Physical modification methods 
In general, physical modification methods change the porous struc-

ture of the biochar, thereby increasing SBET, Vp, and the proportion of 
micro and mesopores; however, these methods can also expose new 
surface functional groups [105]. Ball milling aims to grind BC and 
reduce its particles to nanometer size, whereby the specific surface area, 

Table 3 
Composites derived from agricultural and industrial residues for removing antibiotics.  

Composite Antibiotic SBET (m2/g) Dp (nm) te (min) % R qe-max (mg/g)a Ref. 

nZVI NPs/Blast furnace slag OTC – – ~30 95 ~ 400 (E) [100] 
nZVI NPs/wheat straw CTC – – 30 100 1280.80 (E) [98] 
Fe3O4 NPs/red mud composite CIP 83.2 – 180 83 169.49 [95] 
ZnO NPs/pistachio shell composite TET – – 90 82.6 95.06 [94] 
ZnO NPs/pistachio shell composite TET 

AMX 
CIP 

4.24 – 30 
60 
30 

75 
75 
90 

92.45 
98.72 
132.24 

[93] 

Terbium/HNO3-modified garlic peels ENR – – 20 >80 580 [79] 
Europium/HNO3-modified garlic peels ENR – – 20 >80 421 [79] 
Tb-Eu/HNO3-modified garlic peels ENR – – 20 ~97 769 [79] 
ZnS:Mn/Maize straw TYL – – 720 80 3.45 [101] 
MnOx/maize straw TYL 10.55 – 300 – 13.3 [37] 
Mg@Fe-LDHs/Rice husk MER 32.3 – 50 92 93.46 [102] 
LCBW/chitosan beads TET 

AMX 
375 3.63 1400 

1400 
92 
62 

39 (E) 
12 (E) 

[80] 

LCBW/CMC beads SMX – – 600 50 – [81] 
Bacteria/peanut shells composite SMX 

SMT 
STX 

– – 5–10 100 
90 
80 

– [103] 

NPs: nanoparticles, LDHs: layered double hydroxides, LCBW: leached carbon black waste, CMC: carboxymethyl cellulose. 
a Expressed by the Langmuir isotherm; otherwise, it is specified as experimental (E). 
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surface functional groups, and pore structure enhance significantly. For 
instance, Huang et al. [117] showed that ball milling greatly enhanced 
the specific surface area (from 9.8 to 309 m2/g) and the oxygen- 
containing functional groups, which boosted the ability of biochar to 
sorb SMX and sulfapyridine (SPY) through the formation of hydrogen 
bonds. Likewise, when the grinding process is carried out using a solvent 
(wet milling), new functional groups are created on the surface of bio-
char [107]. An overview of the efficiency of ball-milled biochars and 
their composites for the removal of emerging contaminants was written 
by Amusat et a. [118]. Microwave pyrolysis involves using microwave 
radiation as a heating source for biomass pyrolysis, which reduces en-
ergy consumption and shortens reaction times. Ram et al. [119] 

prepared BC from waste cotton seeds using a microwave-assisted syn-
thesis for the adsorption of AMX; it was found that the microwave en-
ergy enlarged the specific area and pore volume of biochar, which 
enhanced the adsorption of AMX. Finally, during the ultrasonic method, 
the cavitation effect of ultrasound irradiation creates a uniform biochar 
suspension, exfoliating and breaking apart the regular shape of graphitic 
oxide layers of biochar, cleaning smooth surfaces, and increasing the 
porosity and permeability of biochar’s carbonaceous structure [120]. 
Consequently, the biochar’s structure is boosted with a combination of 
micro and mesoporous surfaces. Currently, although ball milling, ul-
trasonic and microwave-assisted methods are green modification and 
synthesis techniques, few experiments have been performed on the 

Fig. 4. (a) SEM micrographs of Tb-GP/HNO3 modified garlic peels and adsorption mechanism of ENR. Reprinted with permission from [79]. Copyright 2021 
American Chemical Society. (b) SEM of nZVI/wheat straw composite and synergistic effect of adsorption and redox processes in CIP removal. Reproduced with 
permission [96]. Copyright 2021 Elsevier B.V. (c) Preparation of composite beads from a hydrogel of chitosan and LCBW. Reproduced with permission [80,81]. 
Copyright 2021 Elsevier B.V. 
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adsorption of antibiotics using these pre-synthesis and post-synthesis 
treatments. 

6.1.2. Chemical modification methods 
Most of the chemical modifications aim to increase or create new 

functional groups on the surface of biochar and not enhance the physical 
properties like specific surface area. In fact, in some of these chemical 
treatments, the specific surface area and pore volume decreased due to 
the destruction of the porous structure [107]: some studies are sum-
marized in Table 4. Some functionalization treatments for biochar are 
oxidation, sulfuration, and nitrogenation. Oxidative modification aims 
to increase the number of oxygen-containing functional groups on the 
biocharś surface by using hydrogen peroxide (H2O2) or nitric acid 
(HNO3) at temperatures under 100 ◦C. For example, Geng et al. [121] 
synthesized HNO3-modified biochar from walnut shells at 60, 80, and 
100 ◦C with 12 h constant stirring. It was observed that after HNO3 -
modification, a large number of functional groups including O–H, 
C––C, C––O, N––O, O––C–O and C–O on the surface were substantial, 
and the intensity of these peaks gradually increased along with the 
temperature; the maximum adsorption capacity was 160.97 and 215.94 
mg/g at 25 ◦C for sulfamethazine (SMT) and sulfachloropyridazine 

(SCP), respectively. The same effect was observed in the biochar ob-
tained from sugarcane bagasse and modified with 30% hydrogen 
peroxide [122]. In sulfurization, sulfur-containing groups such as sul-
fonic acid and sulfhydryl can be introduced on the surface of BCs 
following the same procedure explained for raw agricultural and in-
dustrial wastes. Another sulfur-containing compound to functionalize 
BCs recently studied is xanthate [123]; they formed the xanthate- 
functionalized BC by reacting the hydroxyl groups of the biochar with 
CS2 in an alkaline medium. The adsorption performance of the prepared 
material for TET was higher than other materials, including commercial 
activated carbon. Finally, nitrogen modification introduces N into BC, 
which is commonly accomplished with ammonia and acid nitric [105]. 
Other innovative modification agents recently studied to functionalize 
biomass-based biochars include deep eutectic solvents [124,125], as 
well as anionic and cationic surfactants [126]. Finally, although the 
chemical activation agents are not discussed in this review, it is worth 
noting that new reagents have been explored in recent years, such as 
ammonium polyphosphate [116], potassium tartrate [127], boric acid 
[128], and ammonium chloride [129]. 

Fig. 5. (a) Schematic for synthesizing biochar, hydrochar, mesoporous carbons, and hierarchical porous carbons. (b) Adsorption capacities for the carbon-based 
adsorbents; data were taken from Table 4. 
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Table 4 
Pristine and modified carbonaceous materials, carbon-based composites, and advanced carbonaceous materials derived from agricultural and industrial waste for 
antibiotic removal.  

Adsorbent Precursor Technique used Antibiotic SBET 

(m2/g) 
Vp 
(cm3/g) 

Dp 
(nm) 

te 
(min) 

%R qe_max 

(mg/g)a 
Reference 

BC Olive stones Pyrolysis (400 ◦C/5h/air) AMX 476 – – 150 ~95 1.33 ×
107 

[178] 

BC Alfalfa Medicago 
sativa L. 

Pyrolysis (500 ◦C/0.5 h/N2) TET 31.1 – – 3000 >80 372.3 [179] 

BC Spent bleaching 
earth 

Pyrolysis (300 ◦C/2h/air) TET 39.7 0.106 10.71 175 100 297.9 [180] 

BC Used tea leaves Pyrolysis (540 ◦C/0.5 h/N2) CIP 8.06 0.012 4.44 720 50 238.1 [181] 
BC Rice straw Pyrolysis (700 ◦C/2h/N2) DOX 20.55 0.019 6.42 120 80 170.4 [182] 
BC Pinewood sawdust Pyrolysis (500 ◦C/1h/air) TET 

SDZ 
738.00 0.344 – 2880 50–70 163.0 

261.0 
[183] 

BC Coconut shells Pyrolysis (450 ◦C/1h/N2) and 
ultrasonic treatment. 

LEV 
TET 

1452.00 – – 150 
150 

99.6 
78.23 

397.7 
320.9 

[184] 

Honeycomb tubular- 
like BC 

Fargesia leaves 
residues 

Pyrolysis (800 ◦C/6h/N2) with 
ZnCl2. 

TET 461.00 0.122 3.06 90 90 123.6 
(E) 

[185] 

K2SO3-modified BC Wing husk waste Extraction and pyrolysis 
(700 ◦C/2.2 h/N2) 

TET 2008.00 1.175 3.169 275 >80 944.3 [186] 

ZnCl2-modfied BC Chinese herbs Pyrolysis (500 ◦C/1.5 h/N2) 
and modification 

CTC 
TET 
OTC 

1556.00 0.870 3.46 80 
100 
125 

90–100 200.0 
188.7 
129.9 

[187] 

H3PO4-modified BC Rice straw Pyrolysis (700 ◦C/2h/N2) and 
acid modification 

TET 372.21 0.230 – 12,000 >80 167.5 [188] 

H3PO4-modified BC Swine manure Pyrolysis (700 ◦C/2h/N2) and 
acid modification 

TET 314.04 0.250 – 12,000 >80 160.3 [188] 

HCl-modified BC Pharmaceutical 
sludge 

Pyrolysis (600 ◦C/1h/N2) and 
acid modification 

TET 319.80 0.537 3.823 200 ~85 183.5 [189] 

KOH-modified BC Coconut husk Microwave-assisted method at 
540 W/10 h and alkali 
modification 

CIP 
TET 

– – – 30 
30 

50–80 232.0 
232.0 

[190] 

NaOH and HCl- 
modified BC 

Sewage sludge Pyrolysis (800 ◦C/2h/N2) and 
alkali/basic modification 

TET 102.38 0.146 3.88 1800 86 224.0 [191] 

Sodalye and HNO3- 
modified BC 

Sewage sludge Pyrolysis (800 ◦C/2h/N2) and 
modification 

TET 202.52 0.256 3.86 1600 86 187.3 [192] 

DES-modified BC Vitex doniana 
residues 

Pyrolysis (300 ◦C/6h/air) and 
DES modification 

CIP 12.54 0.190 – 400 70 140.3 [125] 

Co/Gd-loaded BC Camellia oleifera 
shells 

Impregnation and pyrolysis 
(879 ◦C/5h/N2) 

TET 370.37 0.199 2.15 360 100 119.1  [193] 

Fe/N loaded BC Rice straw Impregnation and pyrolysis 
(700 ◦C/2h) 

TET 606.62 0.335 2.21 50 >90 156.0 [194] 

Fe-loaded BC Sewage sludge Pyrolysis (600 ◦C/2h/N2), 
impregnation, and pyrolysis. 

TET 
AMX 

38.08 0.018 1.19 1440 – 123.35 
109.89 

[195] 

Fe-loaded BC Bermudagrass Impregnation and pyrolysis 
(800 ◦C/2h/N2) 

SMX 1013.40 – – 1500 80 252.81 [196] 

Fe/Zn-loaded BC Municipal sludge Pyrolysis (600 ◦C/2h/N2) and 
impregnation (hydrothermal 
method) 

TET 176.00 0.404 9.12 1500 91.2 145.0 [197] 

MnOx-loaded BC Peanut shell Impregnation and pyrolysis 
(500 ◦C/2h/N2) 

DOX 50.61 0.155 12.24 1440 ~78 171.36 [198] 

Mn/Fe loaded BC Vinasse waste Impregnation (co- 
precipitation) and Pyrolysis 
(800 ◦C/1h/N2) 

PEF 
CIP 

94.94 0.127 1.63 1500 >80 256 
357 

[131] 

Mn/Fe loaded BC Vinasse waste Impregnation and Pyrolysis 
(800 ◦C/1h/N2) 

LEV 93.40 – – 3000 83 278 [199] 

Fe/Zn loaded BC Sawdust Impregnation and Pyrolysis 
(600 ◦C/2h/N2) 

TET – – – 3000 94.1 102 [200] 

Fe3O4/BC composite Sugarcane bagasse Impregnation and pyrolysis 
(800 ◦C/2h/N2) 

SMX 605.59 0.310 1.73 100 >97 205 [135] 

Ga2S3/sulfur-BC 
composite 

Sugarcane bagasse Impregnation and high- 
temperature sulfurization 

CIP 681.67 0.221 1.41 45 – 367.45 [201] 

MnO2/BC composite Chinese herbal 
residues 

Pyrolysis (500 ◦C/2h/N2) and 
impregnation (co- 
precipitacion) 

TET 31.74 0.063 7.97 3000 ~80 131.49 [202] 

g-MoS2/BC composite Rice straw Pyrolysis (500 ◦C/2h/N2) and 
impregnation (hydrothermal 
method) 

TET 176.80 0.084 3.51 1100 >85 249.38 [203] 

NiFe2O4 NPs/BC 
composite 

Vinasse waste Impregnation (co- 
precipitation) and pyrolysis 
(700 ◦C/1h/N2) 

LEV – – – 1200 ~90 251 [134] 

TiO2 NPs/BC 
composite 

Spent coffee 
grounds 

Pyrolysis (500 ◦C/1h), and 
impregnation (hydrothermal 
method) 

BLX 50.54 0.048 2.44 30 ~65 196.73 [204] 

CoO NPs/BC 
composite 

Spent coffee 
ground 

Impregnation and pyrolysis 
(700 ◦C/2h/Ar) 

TET 741.10 – – 1440 85 370.37 [205] 

(continued on next page) 
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6.1.3. Biochar-based composites 
BCs are a suitable matrix for synthesizing composites, especially for 

the growth of nanoparticles in their cavity. This not only reduces the 
agglomeration of nanoparticles through interactions with functional 
groups of biochar, but also improves the dispersion of BCs in aqueous 
media [108]. Table 4 lists some significant studies on the formation of 
composites using BCs as the matrix. For instance, Ni-Co-S nanoparticles 
were deposited on the surface of BC (Ni-Co-S/BC composite), where the 

maximum adsorption capacity was displayed as 962.21 mg/g for TET 
and 744.70 mg/g for CIP, with the formation of hydrogen bonding, π-π 
interactions, and metal coordination [130]. In another study, Xiang 
et al. [131] prepared an innovative biochar magnetic composite (Mn- 
Fe/BC) by co-precipitation of Fe and Mn on vinasse wastes, with sub-
sequent pyrolysis under controlled conditions. The prepared adsorbent 
had a surface area of 94.943 m2/g and a maximum adsorption capacity 
higher than 150 mg/g for CIP and pefloxacin (PEF). Similar reports 

Table 4 (continued ) 

Adsorbent Precursor Technique used Antibiotic SBET 

(m2/g) 
Vp 
(cm3/g) 

Dp 
(nm) 

te 
(min) 

%R qe_max 

(mg/g)a 
Reference 

Nano-HCP/BC 
composite 

Wood residues Impregnation and Pyrolysis 
(700 ◦C/6h) 

TYL 
SMX 

566.06 – 3.83 4320 60–85 135.13 
588.24 

[206] 

Nano-HCP/BC 
composite 

Wood residues Impregnation and Pyrolysis 
(700 ◦C/6h) 

TYL 
SMX 

509.38 0.397 3.42 4320 
1440 

– 112.55 
149.25 

[207] 

Montmorillonite/BC 
composite 

Municipal solid 
waste 

Pyrolysis (450 ◦C/4h) and 
impregnation 

CIP 6.51 – – 900 >60 120 (H) [208] 

Bentonite/BC 
composite 

Municipal solid 
waste 

Pyrolysis (450 ◦C/0.5 h) and 
impregnation 

CIP – – – 600 80 286.6 
(H) 

[209] 

F3O4/BC composite Furfural residue Impregnation (co- 
precipitation) and Pyrolysis 
(500 ◦C/1h/N2) 

NOR 463.00 0.524 4.527 240 40.4 299.57 [210] 

γ -F2O3/BC composite Cornhusk Pyrolysis (300 ◦C/1h/N2) and 
impregnation. 

LEV 
TET 

94.10 – – 1440 >70 273.7 
149.1 

[211] 

FeMnO3/BC composite Pine sawdust Impregnation and pyrolysis 
(500 ◦C/2h/N2) 

TET 666.33 0.220 2.43 200 >80 126.43 [133] 

Chitosan/Fe/S/BC 
composite 

Waste sludge Pyrolysis (500 ◦C/2h/N2) and 
impregnation. 

TET 20.18 0.050 9.36 900 >80 183.01 [136] 

ZnO/Fe3O4/BC 
composite 

Camphor leaves 
residues 

Pyrolysis (650 ◦C/2h/N2) and 
impregnation 

CIP 915.00 0.552 – 200 >75 236.9 [114] 

La/F3O4/BC composite Sugarcane bagasse Pyrolysis (600 ◦C/2h/N2) and 
impregnation (co- 
precipitation) 

TET – – – 1440 >50 122.5 [212] 

Chitosan/BC beads Grapefruit peel Pyrolysis (450 ◦C/15 min) and 
pH-precipitation method 

CIP – – – 600 – 153 [213] 

Heteroatom-doped BC Spent tea leaves Pre-oxidation and pyrolysis 
(500 ◦C/1h/N2) 

CTC 503.00 0.250 4.07 30 97.4 627 [214] 

HC Olive oil wastes HTC at 240 ◦C for 6 h TCL 7.62 0.051 26.9 120 98 13.8 (E) [140] 
HC Spent coffee 

grounds 
HTC at 160 ◦C for 10 h SDZ 

SMX 
0.93 0.0043 18.35 3000 

1200 
– 295.1 

740.6 
[139] 

HC Rice husk HTC at 200 ◦C for 20 h NOR 2.88 – – 3000 – 9.68 [141] 
HC Corn stalk HTC at 200 ◦C for 2 h NOR 7.34 – – 4500 – 9.96 [141] 
HC Tea waste HTC at 200 ◦C for 10 h TET 5.21 0.015 11.36 200 – 18.27 [115] 
Fe-loaded HC Sewage sludge HTC at 180 ◦C for 3 h and 

impregnation. 
DOX 
TET 

82.78 – 1.43 3000 100 
95 

201.45 
226.09 

[215] 

H2SO4- modified HC Cotton straw HTC at 200 ◦C for 6 h and acid 
modification 

TET 
NOR 

3.24 0.015 32.4 1500 
250 

– 
– 

37.82 
58.18 

[142] 

KOH- modified HC Cotton straw HTC at 200 ◦C for 6 h and 
alkali modification 

TET 
NOR 

6.50 0.042 22.5 750 
750 

– 
– 

46.59 
28.68 

[142] 

KMnO4- modified HC Cotton straw HTC at 200 ◦C for 6 h and acid 
modification 

TET 
NOR 

137.79 0.217 6.7 500 
500 

– 
– 

104.38 
37.01 

[142] 

NaOH- modified HC Sugarcane bagasse HTC at 200 ◦C for 24 h and 
alkali modification 

TET 27.55 0.134 19.50 1440 – 26.60 
(E) 

[143] 

TiO2 NSs/HC 
composite 

Wheat straw waste HTC at 453 K for 6 h and 
sol–gel method. 

TET 66.00 0.160 9.4 250 93 49.26 [145] 

MgSi/HC composite Pine sawdust Co-precipitation and HTC at 
180 ◦C for 12 h. 

TET 107.70 0.489 11.1 720 99 264 [146] 

Fe3O4/GO/HC 
composite 

Citrus peel Impregnation and HTC CIP  

SPF 

1556.00 1.000 2.56 4200 
1800 

– 
– 

283.44 
502.37 

[216] 

HPC Bovine bone Self-templating method at 
400 ◦C for 2 h with N2 

SMT 
CAP 

3231.80 1.976 2.45 200 
300 

– 
– 

1035 
1079 

[159] 

HPC Straw waste Self-templating (950 ◦C/2 h/ 
N2) with KHCO3 

CIP 1297.00 – – 5 99.53 909.09 [158] 

SiOC/HPC composite Rice husk Soft-templating (1000 ◦C/2 h/ 
N2) with silicone resin 

CIP 766.61 0.840 4.35 10 100 148 [217] 

Amine-modified bio 
graphene 

wheat straw Thermo-chemical reduction at 
790 ◦C/2h 

MET 389.00 0.273 2.8 30 100 416.7 [169] 

Amine- functionalized 
bio graphene 

corn stover Thermo-chemical reduction at 
800 ◦C/2h 

CIP 493.54 – – 60 99.9 172.6 [173] 

Magnetic bio graphene Banana pee Thermo-chemical reduction at 
900 ◦C/2h 

ETR 1905.50 1.190 1.29 15 90 534 [172] 

BC: biochar, HC: hydrochar, HPC: Hierarchical porous carbon, NSs: nanosheets, NPs: nanocomposites, DES: deep eutectic solvent, GO: graphene oxide, HCP: 
hydroxyapatite. 

a Expressed by the Langmuir isotherm; otherwise, it is specified as experimental (E) or Hill isotherm (H). 
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revealed that manganese ferrite and their derivative composites dis-
played high adsorption performance for various antibiotics due to their 
relatively stable structure with strongly saturation magnetization 
[132,133,134]. 

The use of magnetic nanoparticles for the recovery of BC has been the 
primary approach in BC-based composites. Based on that, Chakhtouna 
et al. [132] successfully immobilized CoFe2O4 nanoparticles on the 
external biochar surface and applied this composite for the removal of 
AMX. It was observed that CoFe2O4 NPs had outstanding thermochem-
ical stability and high saturation magnetization, which facilitated its 
recovery via the application of an external magnetic field; the SBET also 
increased from 25.6 to 190.5 m2/g after the impregnation with CoFe2O4 
NPs, and the maximum adsorption capacity was 136.83 mg/g at 70 mg/ 
L of AMX. Usually, NPs are impregnated on biomass prior to the py-
rolysis process (pre-calcination modification), or these can be deposited 
on the biochar as a post-calcination modification (Fig. 6a and b). Finally, 
biochar-based composites with multiple functional species have been 
synthesized recently. For instance, Liu and colleagues modified biochar 
with chitosan and Fe/S using a post-calcination methodology (Fig. 6c). 
The multicomponent composite had better adsorption efficiency in 
contrast to the pristine biochar (183.01 > 51.78 mg/g), where electro-
static attraction, π-π stacking, pore filling, silicate bonding, chelating, 
and hydrogen bonding were the main adsorption mechanisms for TC 
removal [136]. 

6.2. Hydrochar 

Although the production of BCs requires less energy than commercial 
activated carbons, it still demands high reaction temperatures and en-
ergy consumption. An alternative to pyrolysis is hydrothermal carbon-
ization (HTC), whereby a solid char, referred to as hydrochar (HC), can 
be directly synthesized at lower temperatures (150–350 ◦C) from 
biomass with high moisture content (>50%) [137]. Hence, HTC elimi-
nates the need for pre-drying of organic waste. Compared to the tradi-
tional pyrolysis process, HTC uses water as a reaction medium instead of 
N2 or other inert gas, and although HTC is performed under lower 
temperature than conventional pyrolysis, more reaction time is needed 
to obtain HC (between 4 and 10 h). Like the pyrolysis process, in the 
HTC process, several factors affect the physicochemical properties of 
hydrochar, including the biomass’ moisture content, feedstock, biomass- 
to-water ratio, temperature, and time. The influence of these aspects has 
not been thoroughly reviewed yet. In general, high biomass-to-water 
ratios lead to a decreased yield of hydrochar, with high O/C and H/C 
and low SBET and VP. Subsequently, the adsorption performance is poor 
[138]. In the same sense, SBET, the pore volume, and their adsorption 
performance towards antibiotics typically increase with reaction time 
and HTC temperature [139]. 

The adsorption capacity of some pristine hydrochars derived from 
organic wastes is 13.8 mg/g for TCL from olive oil wastes [140], 740.6 
µg/g for SMX from spent coffee grounds [139], 9.68 mg/g for NOR from 
rice husk[141], 9.96 mg/g for NOR from corn stalk [141], and 18.27 
mg/g for TET from tea waste [115]; these values are lower than pristine 

Fig. 6. (a and b) Pre-calcination and post-calcination modification treatments to produce biochar-based composites. Reproduced with permission from [135]. 
Copyright 2021 Elsevier B.V. (c) Multicomponent composites for antibiotic adsorption. Reproduced with permission from [136]. Copyright 2021 Elsevier B.V. 
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biochars. Similar to BC, the physiochemical properties of hydrochar can 
be adjusted via physical modification, chemical modification, and 
integrating other functional species (hydrochar-based composites). 
Some studies with chemical modifications include the use of H2SO4, 
KOH, KMnO4 [142], and NaOH [143]. Regarding physical modifica-
tions, Li et al. [144] recently deployed an ultrasonic-assistant fore- 
modified method to produce self-functionalized hydrochar with 
enhanced adsorbability towards antibiotics using corncobs as the pre-
cursor. The produced hydrochar had an ultrahigh surface area of 2368 
m2/g, and the adsorption capacity was between 420–482, 360–411, and 
410–416 mg/g for AMX, TET, and LEV, respectively. It was observed 
that the ultrasonic-assistance fore-modified treatment increased the 
microporous structure, and subsequently, the surface area raised by 
around 210%. On the other hand, TiO2 nanosheet-impregnated HC 
[145] and magnesium silicate-functionalized HC [146] are some 
hydrochar-based composites synthesized to remove antibiotics. Finally, 
it is worth noting that HCs can also undergo classical chemical and 
physical activation in order to improve their porous structure and 
functional groups, forming activated hydrochars [147]. 

Even though the production of HCs requires less energy and their 
yield is superior to BCs, their physicochemical properties and adsorption 
performance are poor compared to biochar. This is partly due to the 
pyrolysis process produces a higher degree of carbonization, and hence 
more aromatic structures on the BCs, which is usually reflected in the 
higher carbon content in BCs [115,139]. Zhang and colleagues found 
that biochar derived from spent coffee has higher hydrophobicity, 
aromaticity and lower polarity than hydrochar obtained from the same 
feedstock; this discrepancy brought about the adsorption capacity for 
SDZ and SMX was higher for the biochar, despite their identical surface 
area to hydrochar [139]. 

6.3. Advanced carbon-based adsorbents 

Biochar and hydrochar obtained by the conventional carbonization 
process possess a structure dominated by micropores, with a percentage 
of micropore volume that ranges from 12.1 to 58.0% [148]. Nonethe-
less, a wide distribution of macropores and mesopores is also conducive 
for the diffusion of antibiotics and for swifter mass transfer rates. Hence, 
researchers have focused on looking for new approaches and additional 
treatments in order to produce engineered biochar, which holds a well- 
tailored pore dimension, preferable surface area, and wide structural 
heterogeneity of pores. The advanced carbon-based adsorbents include 
mesoporous carbons, hierarchical porous carbons, and heteroatoms- 
doped porous carbons. Their adsorption properties are summarized in 
Table 4. 

6.3.1. Mesoporous carbon 
A method recently studied to control the pore size of carbon mate-

rials is the template methodology. Mesoporous carbon materials pre-
pared by this method possess larger specific surface area and pore 
volume, higher porosity, and more ordered pore size distribution than 
biochar obtained by direct high-temperature pyrolysis [149]. On the 
whole, in the templating method, a carbon precursor and a template 
material are mixed together, carbonized, and then the template is 
removed, leaving a porous structure. Depending on the type of template 
agent, this method is classified into hard-template (inorganic material as 
templating agent) and soft-template method (organic compound, 
frequently polymers as template). However, the latest method is more 
convenient due to its simplicity, low cost, good repeatability, and it does 
not require the additional step to remove the templates since these are 
entirely decomposed during carbonization [150]. In relation to the 
carbon precursor, phenolic resins, sucrose, and lignin are commonly 
used [149], and biomass has recently been applied directly as a carbon 
source to prepare mesoporous carbons via this method. Zheng et al. 
[151] implemented a soft-template-assisted hydrothermal route to 
produce a mesoporous hydrochar using biomass batatas and F127 

(polyethylene-polypropylene glycol) as carbon source precursor and 
soft-template agent, respectively. The prepared hydrochar exhibited 
excellent textural properties, SBET and VP were up to 16 times higher 
than biochar prepared by conventional pyrolysis, which was attributed 
to the well-developed pore structures. Consequently, this mesoporous 
hydrochar showed outstanding adsorption capability for TCT (238.7 
mg/g at 35 ◦C). Sugarcane bagasse [150], soluble starch [152], and 
palm kernel shell [153] are other biomass used as carbon precursors to 
produce mesoporous carbons using this methodology. 

6.3.2. Hierarchical porous carbons 
An additional approach for enhancing the adsorption capacity of 

these carbonous materials is to modify their structure, passing from 
single natural structures to artificially assembled multi-structured ad-
sorbents with a significant increase of specific surface area. An excellent 
example of these engineering-based adsorbents is the hierarchical 
porous carbons (HPCs), which possess abundant macro, meso, and mi-
cropores compared to conventional activated carbon with only a 
micropore-dominant structure [154]. With this wide pore distribution, a 
more accessible surface area, shorter diffusion distance, and higher mass 
transfer rate are obtained [155]. The nanoporous geometry of HPCs 
played a critical role in the adsorption of antibiotics. Trimodal and 
bimodal pores benefit the intraparticle mass transfer, the accessibility of 
adsorption sites, and the adsorption affinity; thereby, HPCs possess su-
perior adsorption performances, unlike the monomodal mesoporous and 
microporous carbons with similar surface areas [154]. HPCs usually are 
produced using the same template methodology used to synthesize 
mesoporous carbons, but instead use single, dual, or multiple nano-
structured hierarchical templates that can tailor the pore structure of 
HPCs. Similar to mesoporous carbons, HPCs are synthesized from 
expensive and unnatural carbon sources that limit their large-scale 
fabrication and practical use. However, recently many studies have re-
ported the preparation of HPCs employing natural biomass as a carbon 
source. For instance, Zhang et al. [156] reported HPC preparation with 
ultrahigh surface area using sodium carboxymethyl cellulose (CMC), a 
non-toxic and renewable material derived from natural cellulose, as 
carbon precursor via a combination of templating and activation 
methods. CMC was mixed with HNTS (halloysite nanotubes as hard 
template) and carbonized at 500 ◦C for 2 h with N2 flow, then HNTs was 
removed with hydrofluoric acid, whereas the carbonaceous material 
was activated with KOH at 850 ◦C for 1 h with N2 flow; the prepared 
HPC had SBET and qmax for CAP of 2347.7 m2/g and 838.94 mg/g, 
respectively. This study illustrated that the templating/activation com-
bination efficiently constructs carbonous materials with well-defined 
microporous and meso-/macroporous architectures. 

Additionally, it should be noted that some biomass contains natural 
templates (SiO2 in rice husk, CaCO3 in soft pitch, among others) which 
could act as self-templates to produce HPCs during the activation pro-
cess; this process usually involves simultaneous carbonization/activa-
tion (similar to the preparation of activated carbon), and it is best known 
as a self-templating method. For instance, yeast, an abundant, 
environmental-friendly, and renewable biomass source, was success-
fully converted into three-dimensional interconnected hierarchical 
porous carbon via template-free carbonization and alkaline-activation 
method [157]. Likewise, Wang et al. [158] converted straw waste into 
HPC with abundant macro, meso, and micropores using KHCO3 as an 
activation reagent. It was found that the synthesis was similar to the 
“leaving” process, where KHCO3 was decomposed during the activation 
generating large amounts of gas that would sweep the carbon skeleton, 
facilitating the formation of three-dimensional structures. The prepared 
HPC also exhibits notably large specific areas (1297 m2/g); the removal 
efficiency for CIP reached nearly 100% only after 5 min with an 
adsorption capacity of 909.09 mg/g. Other biomass-based HPCs ob-
tained by the self-templating method were produced from bovine bone 
[159], banana peels [160], rice husk [161], sugarcane bagasse, fish 
scales, and pomelo peel [155]. 
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6.3.3. Heteroatoms-doped porous carbons 
A new advance in the development of highly effective carbon ma-

terials is the modification by hetero-atom doping. By introducing het-
eroatoms (N, O, P, and B) in the carbon framework, its properties like 
electrical conductivity, chemical stability, and electron donor properties 
can be significantly fostered. Further, heteroatom doping provides more 
active sites to the carbon material, facilitating the adsorption of pol-
lutants [162]. N-doped porous carbon (NPC) is the most studied material 
within this group, which is typically obtained through the carbonization 
and activation of carbonaceous precursors mixed with nitrogen- 
containing compounds (like urea, ammonia, melamine, cyanamide, 
and hydrazine). Another cleaner strategy to produce NPCs is the 
carbonization of nitrogen-rich biomass such as shrimp shells, alfalfa, 
soybean residue and sorghum stalks, in which the addition of nitrogen- 
containing compounds is not necessary. For instance, Qin et al. [163] 
converted shrimp shells into N-doped hierarchically porous carbon via 
the carbonization and alkali activation process at distinct temperatures. 
It was found that increasing activation temperature and the material 
ratio was beneficial to improve the porosity, pore volume and BET 
surface area. The best physical properties were obtained at the KOH/C 
weight ratio of 2.0 and 800 ◦C of activation (3171 m2/g of SBET; 1.934 
cm3/g of VP), and the maximum adsorption capacity was 643.5 and 
676.1 mg/g for SMZ and CAP at 25 ◦C. Other heteroatoms-doped porous 
carbons prepared from agricultural or industrial waste include O-doped 
HPC from silkworm cocoon with SBET of 3134 m2/g [164], N/S dual- 
doped HPC from chicken feathers with SBET of 1383.5 m2/g [165], B/ 
P dual-doped porous carbon from bean shells with SBET of 2471 m2/g 
[166], O/N/S triad-doped HPC from lotus leaves with SBET of 3601 m2/g 
[167], and N/P dual-doped porous carbon from tobacco stalk [168]. 

6.3.4. Bio graphene 
Curiously, graphene, a carbon-based material, can also be produced 

from biomass or agricultural residues through a thermochemical pro-
cess. In general, biomass-derived ash is used as a starting material, fol-
lowed by a thermo-chemical reduction process mixing the biomass ash 
with a reducing agent (frequently KOH), with subsequent filtration, 
drying, and crashing. Finally, the material is activated at temperatures 
between 600 and 900 ◦C in an electric furnace under a nitrogen gas 
[169–171]. When starting from agricultural or industrial waste, a pre-
vious combustion process is required. In this context, Bahmei et al. [172] 
prepared porous magnetic graphene from banana peel residue to remove 
erythromycin (ETR). In the first stage, a carbonaceous material was 
obtained combusting banana peel at 600 ◦C for 1 h under argon gas. 
Then, the carbonized sample was mixed with KOH (1:5 ratio of KOH/ 
ash). Finally, after drying and crashing, it was activated at 900 ◦C under 
argon gas for 2 h. The obtained green graphene was functionalized with 
Fe3O4 nanoparticles; it was found that the magnetic nanosheet had an 
outstanding surface area (1905.5 m2/g) and high adsorption capacity 
(534 mg/g). Similarly, Ghadiri et al. [173] prepared a bio-graphene 
from corn stover, which was functionalized with an amine to improve 
the affinity towards the elimination of CIP; the prepared bio-graphene 
had a specific surface area of 493.54 m2/g and a maximum adsorption 
capacity of 172.6 mg/g provided by the Langmuir isotherm. Following 
the same above methodology, graphene derived from wheat straw 
[169–171], rice straw and rice husk [174,175], Populus Caspica pruning 
wastes [176], and fruit residues [177] have been synthesized. None-
theless, only a few studies evaluated their adsorption properties with 
antibiotics. 

7. Other adsorbents derived from waste 

In addition to the aforementioned adsorbents, other potential ma-
terials can be synthesized using industrial and agricultural wastes as 
precursors via different methods. At present, organic waste in some 
countries is combusted directly to generate bioenergy, and an inorganic 
residue called ash is left. Biomass ash is not only another waste but also 

an environmental hazard, the disposal of which requires an economic 
inversion. Nonetheless, biomass ash is also a residue rich in silica and 
other oxides that can be a resource with tremendous potential that needs 
to be explored and utilized in order to increase its added value. One 
strategy to use this waste is the usage as precursors to synthesize zeolites 
[218]. Since the ash derived from organic waste comprises mainly sili-
con, aluminum, and iron in the form of oxides, this makes this residue a 
good substrate for producing synthetic zeolites, which can be applied as 
adsorbents to remove antibiotics. In this context, Zide and colleagues 
prepared several zeolites through calcination and hydrothermal pro-
cesses from alkali-fused coal fly ash (Fig. 7f); the removal efficiency by 
the synthesized zeolites for CIP was significantly higher in acetic acid 
(92–94%) compared to HCl (27–61%) at pH 3 [219]. Another zeolite 
produced by the hydrothermal process is the zeolite analcime from 
carbothermal reduction electrolytic manganese residue, which was used 
to adsorb roxithromycin (ROX) and azithromycin (AZM) [220]. Alter-
natively, Alie et al. [221] synthesized NaY zeolite using wheat straw ash 
as a precursor; the ash was crystallized by the sol–gel method with 
subsequent calcination at 500 ◦C for 3 h. This methodology prepared a 
zeolite with high purity (composition of 66.05% SiO2, 25.35% Al2O3, 
and 7.92% Na2O), and its maximum uptakes of TET were 201.77, 
218.51, and 230.69 mg/g at 30 ◦C, 40 ◦C, and 50 ◦C, respectively, ac-
cording to the Langmuir isotherm. 

Biomass-derived ash is composed chiefly of Al2O3 and SiO2. How-
ever, when other unusual compounds like CaO and unburned carbon are 
presented in the ash or from other waste, different materials can be 
obtained apart from zeolite, which forms composite materials. For 
instance, Khanday and Hameed [222] reused oil palm ash (containing 
5.5% unburned carbon) and steel slag (with CaO exceeding 15 %) to 
convert them into a hybrid material composed of zeolite (Z), hydroxy-
apatite (HAP), and activated carbon (Z/HAP/AC composite). Increasing 
the activated oil palm ash ratio during synthesis resulted in increased 
surface area of Z/HAP/AC composite due to an increase in the carbon 
component (from 388.15 m2/g to 732. 27 m2/g), and the maximum 
monolayer adsorption capacity for TET was 186.09 mg/g at 30 ◦C. 
Furthermore, hydroxyapatite [Ca10(PO4)6(OH)2] is commonly manu-
factured from waste with high content of calcium along with a 
phosphate-based compound like H3PO4. Nonetheless, phosphate can 
also be obtained from other waste. To illustrate, Faisal et al. [223] 
produced nano-hydroxyapatite by extracting the calcium from cement 
kiln dust and the phosphate from sewage sludge. The HAP nanoparticles 
were deposited on a filter cake remaining after extraction to produce 
HAP-coated filter cake, which was applied to remove TET, obtaining a 
removal efficiency of over 90% and a maximum adsorption capacity of 
43.5 mg/g. 

Water treatment sludge has also been seen as a conducive source to 
produce other adsorbents, and so avoid the high disposal cost. Sludge is 
a waste that contains Fe, Si, and Al compounds. In general, Fe- 
containing compounds in sludge like ferrihydrite, hematite and andra-
dite are converted into magnetite, maghemite, and jacobsite using re-
ductants (e.g., glycol, ascorbic acid, pyrite and methane). However, 
magnetic adsorbents can also be produced without the addition of re-
ductants. Qu et al. [225] converted ferrihydrite from sludge to maghe-
mite and hematite via a one-step hydrothermal method using NaOH 
solutions; even though a low conversion of ferrihydrite was obtained 
(18.9%), the adsorbent had a good magnetic response and suitable 
adsorption capacity (362.3 mg/g for TET). Recently, a new advance to 
improve the adsorption efficiency of these materials was presented by 
Hu and colleagues, where erdite-bearing particles have been synthesized 
from ferrihydrite through the hydrothermal method using only 
Na2S⋅9H2O; the resulting product was used to adsorb TET and oxytet-
racycline (OTC) with outstanding adsorption performances (>500 mg/ 
g) [226,227]. Further, it was observed that in contrast to other adsor-
bents, in erdite particles, their spontaneous hydrolysis to generate Fe 
oxyhydroxide with adequate hydroxyl groups to link OTC and TET is the 
prime mechanism to remove antibiotics. Likewise, Chen et al. [224] 
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converted a Fe-rich sludge to KFeS2 clusters using KOH and K2S by a one- 
step hydrothermal route. During the process, FeOOH from the sludge 
became a mixture of hematite and KFeS2, which grew with the KOH 
concentration passing from short rods (at 2 M) to clusters (at 5 M), as can 
be seen in Fig. 7a-7d. The KFeS2 short rods and clusters were employed 
to remove DOX, showing a remarkable maximum adsorption capacity of 
2811.18 and 2933.6 mg/g at 120 min, respectively (Fig. 7e). Never-
theless, a considerable drawback was that KFeS2- and erdite-bearing 
adsorbents could not be feasibly reused since their removal efficiency 
dropped under 30% in their first regeneration [224,226]. Analogously, 
Si/Al compounds in sludge, specially boehmite and quartz, can be dis-
solved in Si(OH)5

− and Al(OH)4
− with the addition of alkali solutions 

and recrystallized under hydrothermal conditions to form high-purity 
materials such as cancrinite and sodalite [228,229], which have 
shown desirable adsorption capacity of TET (>488 mg/). Additionally, 
in the synthesis of cancrinite and sodalite, the phase transformation 
from ferrihydrite to maghemite and hematite occurred in parallel, giving 
magnetic properties to these adsorbents [230]. 

Other adsorptive materials for antibiotics removal produced from 
waste include keratin particles from waste feathers via a thermal alkali 
hydrolysis process [231], nanocellulose from lignocellulosic residues via 
extraction methods [232], nanosilica from rice husk via the hydrother-
mal method [233], Fe3O4 and nZVI nanoparticles from fruit peels and 
leaf waste via plant-mediated synthesis [234,235], hydrogel using chi-
tosan extracted from shrimp shells [236], among others. These adsorp-
tive materials are detailed in Table 5. 

8. Adsorbents with a synergistic effect of adsorption and 
degradation 

A novel scheme that has won considerable attention in the last years 
is the combination of two or more removal techniques. In particular, 
increasing attention has been paid to the adsorption-photocatalytic 
degradation combined technique. Photocatalytic oxidation, by itself, is 
a promising method to enhance the treatment efficiency of antibiotics 
via their degradation into low-toxicity organic small molecules [251]. 

Fig. 7. (a) Scanning electron microscopy images of raw sludge and KFeS2 prepared with (b) 2 and (c) 5 M KOH; (d) Conversion of sludge to KFeS2 in the K2S/KOH- 
bearing solution, (e) and adsorption isotherms of DOX on raw sludge, P2 and P5 (with 2 and 5 M KOH, respectively. Reproduced with permission from [224]. 
Copyright 2021 Elsevier B.V. (f) Preparation of zeolites through calcination and hydrothermal process from alkali-fused coal fly ash. Reproduced with permission 
from [219]. Copyright 2021 Elsevier B.V. 
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Nonetheless, photocatalytic particles usually agglomerate easily and are 
unsuitable for removing organic pollutants at low concentration levels 
[252]. In this sense, these waste-derived materials can be used as a 
carrier for photocatalysts, facilitating the conduction of electrons and 
the uniform dispersion of catalyst particles and, in turn, accelerating the 
degradation since the antibiotic is concentrated in the solid phase 
[60,251]. Therefore, combining adsorbents with photocatalysts in the 
form of composites can be an effective alternative to treat effluents 
loaded with antibiotics (Fig. 8a). Besides, photocatalyst-loaded adsor-
bents can not only improve antibiotic removal, but also assist in the 

regeneration of saturated adsorbents, avoiding secondary pollution 
[253]. According to many studies, the enhancement is due to the fact 
that a photocatalyst generates h+ and e− under light, which react with 
H2O and dissolve O2 to yield •OH− and O2

− ; these free radicals have 
powerful oxidization to photodegrade effectively antibiotics (Fig. 8b). 

In this context, some photocatalysts, such as TiO2, g-C3N4, Bi2WO6, 
WO3, ZnO, are loaded on the surface of adsorbents, and removal tests are 
performed under darkness, visible, or UV light. For example, Huang 
et al. [60] coated a TiO2 hydrogel layer on the surface of alkali-modified 
rice straw for the CIP removal; their study demonstrated that removal 

Table 5 
Other adsorbents derived from agricultural and industrial waste for the removal of antibiotics.  

Waste Method Adsorbent Antibiotic SBET (m2/ 
g) 

Vp 
(cm3/g) 

te 

(min) 
% R qe-max 

(mg/g)a 
Ref. 

Peels of lemon Plant-mediated synthesis Fe3O4 NPs AMP 
TET 
TMT 
TAZ 
PIP 
ETR 

137.4 0.29 120 80 
100 
22 
79 
100 
100 

10.08 
11.45 
11.93 
8.59 
16.08 
13.64 

[237] 

Peels of black grapes Plant-mediated synthesis Fe3O4 NPs AMP 
TET 
TAZ 
PIP 
ETR 
SMX 

112.3 0.37 120 75 
100 
52.7 
70.6 
51.8 
12.2 

17.12 
19.48 
4.38 
4.62 
5.79 
25.64 

[237] 

Peels of cucumber Plant-mediated synthesis Fe3O4 NPs AMP 
TET 
TAZ 
PIP 
ETR 
SMX 

90.5 0.28 120 85 
100 
90 
95 
100 
35 

16.16 
12.64 
12.99 
14.86 
17.12 
10.67 

[237] 

Excoecaria 
cochinchinensis leaves 

Plant-mediated synthesis Fe3O4 NPs RIF 111.8 9.06 30 100 84.8 [234] 

Green tea waste Plant-mediated synthesis Mn NPs MTX – – 30 97 163.93 [238] 
Nettle leaf waste Plant-mediated synthesis nZVI NPs CEX – – 30 ~100 1667 [239] 
Thyme leaf waste Plant-mediated synthesis nZVI NPs CEX – – 60 ~100 1428 [239] 
Moringa stenopetala 

seeds 
Protein extraction and 
electrospinning 

Protein/PVA 
nanofibers 

SNM 
CIP 
DNF 
OTC 
SM 
SMM 
TYL 
SDM 

2402.62 2.04 30 
30 
30 
30 
30 
30 
30 
30 

86.1 
94.9 
95.0 
95.2 
96.0 
94.796.8 
96.2 

333 
500 
1000 
333 
125 
250 
500 
333 

[240] 

Waste hot-pot oil Calcination at 300 ◦C Attapulgite/carbon 
composite 

TET – – 125 90 256.5 (E) [241] 

Orange peel Microwave-assisted extraction Fe3O4/Pectine 
composite 

SMX – – 1440 – 120 [242] 

Electrolytic manganese 
residue 

Hydrothermal method Zeolite analcime ROX 
AZM 

138.4 0.108 400 
400 

>80 1921.74 
490.19 

[220] 

Wheat straw ash Sol-gel method NaY zeolite DOX 657.44 0.341 600 – 269.75 [243] 
Cotton waste Oxidation mediated by TEMPO Nanocellulose CIP 

AMX 
– – 240 

60 
9 
80 

42 
551 

[232] 

Cyprus rotundas grass NaOH and H2O2 treatment, and 
acid hydrolysis 

Nanocellulose CIP – – 180 89 227.27 [244] 

Pennisetum sinese Roxb Acid hydrolysis Magnetic cellulose 
adsorbent 

TET 56.50 0.143 8400 ~80 44.86 [245] 

Rice husk Hydrothermal method and pre- 
adsorption 

PDADMAC-modified 
nanosilica 

AMX 
CEF 

160.5 – 180 
120 

92.3 
93.5 

7.50(E) 
10.4(E) 

[246,247] 

Rice husk Hydrothermal method and pre- 
adsorption 

PMAPTAC -modified 
nanosilica 

CEF – – 25 90 10.9 [233]  

Moringa seeds and rice 
husk 

Hydrothermal, solid–liquid 
extraction, and pre-adsorption 

Protein-modified 
nanosilica 

CIP – – 25 89.8 85 (E) [248] 

Rice straw Hydrothermal, solid–liquid 
extraction, and impregnation 

Fe3O4/nanosilica 
composite 

PEN-G – – 350 50 164.7 [249] 

Shrimp shells and rice 
husk 

Deproteinization, 
demineralization, and 
carbonization 

Hydrogel CIP 
ENR 

52.08 0.135 300 
600 

97.4 
90.2 

106.04 
100.43 

[236] 

Alum sludge and low- 
grade charcoal 

Pelletization and thermal 
treatment 

Thermally-treated 
pellets 

SMX 
SFT 

167.2 0.037 240 
480 

70 
95 

~1.5 (E) 
~2.0 (E) 

[250] 

Polyvinyl alcohol (PVA); 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO); polyelectrolyte polydiallyldimethylammonium chloride (PDADMAC); poly(3- 
methacryloylamino propyl-trimethylammonium chloride) (PMAPTAC). 

a Expressed by the Langmuir isotherm; otherwise, it is specified as experimental (E). 
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ability was enhanced by the TiO2-gel layer with an adsorption capacity 
of 153 mg/g under ultraviolet, in comparison with 60 mg/g under 
darkness conditions. The TiO2 photocatalyst was even effective under 
natural light (112 mg/g). The improvement was justified due to the 
oxidation of CIP (accumulated on the composite’s surface) into small 
molecules and even CO2 and H2O, similar to a “capture & destroy” 
process. Similarly, Xiao and colleagues synthesized several g-C3N4/ 
biochar composites with different g-C3N4-to-biochar mass ratios; the 
composite with 50% g-C3N4-to-biochar mass ratio had the highest 
enrofloxacin removal, removing 45.2% and 81.1% of ENR under dark-
ness and visible conditions [254]. Besides, the introduction of biochar 
not only enhanced the absorption of light and excited more photons to 
generate e− and h+, but also promoted the electron transfer efficiency to 
enhance the separation efficiency of electron-hole pairs [253,254]. 
Other photocatalytic-based adsorbents are detailed in Table 6. 

9. Desorption and reusability 

After the adsorption process, the antibiotic-saturated adsorbents 
need a proper management system. Typical waste management schemes 
include direct disposal in landfills, incineration, and regeneration and 
reusability; nonetheless, the first two frequently lead to the pollution of 
air, soil, and even surface and groundwater [262]. Hence, desorption 
and reusability might be the best strategy to manage spent adsorbents. 
Besides that, the regeneration capacity of an adsorbent is a relevant 
aspect to evaluate its viability in practical applications. To date, several 
methods have been employed in adsorbent regeneration; among them 
are thermal regeneration, solvent-assisted regeneration (chemical 
regeneration), microwave irradiation regeneration, and supercritical 
fluid regeneration [105]. Nevertheless, not all of them have been used 
for antibiotic-saturated adsorbents. 

Fig. 8. (a) Formation of photocatalyst-loaded composites. (b) Degradation of antibiotics by UV radiation.  

Table 6 
Waste-derived adsorbents with a synergistic effect of adsorption and degradation.  

Composite Photocatalyts Antibiotic SBET (m2/g) qe (mg/g)a qe (mg/g)b % Ra %Rb Ref. 

TiO2 hydrogel/Rice straw fiber TiO2 CIP 7.57 60 153 – – [60] 
N,S-TiO2/Sugarcane bagasse N,S-TiO2 CIP – – – 66 ~90 [255] 
g-C3N4/Red mud g-C3N4 TET 

OTC 
CTC 

16.75 – – 40 
35 
~60 

79 
60 
83.8 

[99] 

TiO2/BC TiO2 SMX 102.16 6.59 – ~45 91.27 [256] 
TiO2/BC TiO2 SDZ 

ODX 
– – – ~40 

~30 
87 
98 

[257] 

ZnO/BC ZnO SMX 18.6 – – ~15 99.3 [258] 
Zn-TiO2/BC Zn-TiO2 SMX 169.16   ~30 80.81 [259] 
g-C3N4/BC g-C3N4 ENR 3.83 9.0 9.21 45.2 81.1 [254] 
Bi2WO6/Fe3O4/BC Bi2WO6 OFL 

CIP 
35.89 11.5 

12.5 
– 
– 

55 
55 

99.85 
96.77 

[260] 

Bi2WO6/N,S co-doped BC Bi2WO6 CIP 28.60 – – ~20 90.33 [261]  

a Adsorption capacity and removal percentage under darkness. 
b Adsorption capacity and removal percentage under UV radiation. 
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For agricultural waste such as peanut shells, Li and colleagues con-
ducted desorption experiments using deionized water, 10% HCl, and 
methanol. It was found that methanol had a higher desorption efficiency 
(>70%) to elute sulfonamides antibiotics from peanut shells. The pri-
mary justification was the similarity-intermiscibility theory, where an-
tibiotics can dissolve more easily in organic solvents [55]. Likewise, 
Duan et al. [86] evaluated four desorbing agents to regenerate the 
Calotropis gigantea fiber saturated with CIP, NOR and ENR. The saturated 
adsorbent was immersed into 20 mL of 0.1 M HCl, 0.1 M NaCl, 0.1 M 
NaOH, and methanol for 3 h at 30 ◦C with constant stirring. It was found 
that NaOH gave the highest desorption percentage (95–100%), followed 
by HCl (70–85%) and NaCl (65–84%). Although NaOH was the best 

eluent, some authors stated that the alkali treatment might affect the 
strength of the fiber by changing the structure of plant fiber; hence alkali 
solutions are not highly recommended for lignocellulosic materials 
[263]. 

For carbon-based adsorbents, in general, thermal regeneration, sol-
vent- and microwave-assisted generations have been evaluated. Zeng 
et al. [196] studied the effect of the temperature (373, 473, and 573 K) 
in the thermal regeneration of Fe-loaded BC saturated with SMX; it was 
observed that the regeneration efficiency increased along with the 
temperature, resulting in almost 100% regeneration efficiency at 573 K 
for 3 h in a furnace, as can be seen in Fig. 9a. Nonetheless, the regen-
eration efficiencies dropped from 100% to 46% after 4 cycles. This 

Fig. 9. (a) Desorption efficiency using different desorbing agents for NaClO2-modified CGF. (b) Effect of the NaOH concentration in the desorption of Fe-loaded BC. 
Reproduced with permission from [196]. Copyright 2021 Elsevier B.V. (c) Effect of the eluent type on the BLX desorption from the TiO2 NPs/BC composite [204]. (d) 
Adsorption and regeneration by UV irradiation. Reproduced with permission from [60]. Copyright 2021 Elsevier B.V. 
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dramatic decline has also been observed for other researchers [180]; this 
might be due to the decrease in hydrophobic interactions between 
antibiotic molecules and BC, alterations in surface chemistry, and 
reduction in surface area with damage to the pore structure after 
repeated thermal oxidation [180,196]. 

Regarding chemical regeneration, Zhang and colleagues tested five 
solvents (ultrapure water, methanol, ethanol, acetonitrile, and 0.1 M 
NaOH solution) for the desorption of SMX from saturated biochar. The 
less polar solvents (methanol, ethanol and acetonitrile) were good for 
the desorption of SMX with desorption rates ranging from 82% to 86%, 
compared to polar solvents like NaOH solution and ultrapure water 
(73% and 2.67%, respectively) [135]. Nonetheless, the recyclability of 
the biochar was not desirable as its adsorption capacity was reduced by 
37.43% after two cycles and finally reduced from 205 to 34.85 mg/g 
after three cycles of regeneration with ethanol. In the same context, El- 
Azazy et al. [204] carried desorption studies using six eluents, namely 
0.1 M aqueous solutions of HCl, H2SO4, HNO3, Na2CO3, as well as 
ethanol and DI water for the desorption of balofloxacin (BLX) from the 
TiO2/BC composite; the obtained data showed that the highest desorp-
tion efficiency was accomplished using 0.1 M HNO3 with a desorption 
efficiency of 72.14% (Fig. 9c). The same eluent was studied for cyclic 
adsorption–desorption experiments; it was observed that after 5 cycles, 
the removal efficiency decreased to around 65 %. NaOH-driven 
desorption has also been extensively applied with several antibiotics 
(Table 7). Zeng et al. [196] studied the effect of NaOH concentration in 
the regeneration of Fe-loaded BC saturated with SMX; the authors found 
that the desorption efficiency improved as NaOH concentration 
increased, namely 90% with 0.1 M NaOH and 70% with 1 M NaOH 
(Fig. 9b). These findings establish that high pH with 0.1 M NaOH 
resulted in the effective desorption of antibiotics from BCs. However, 
after the 3rd-4th cycles, the NaOH-driven desorption led to a significant 
decrease in regeneration due to the deterioration of the biochar surface 
exposed to NaOH solution and possible accumulation of antibiotics on 

the BC surface [196]. 
These studies showed that solvents like methanol, ethanol and 

acetonitrile, HNO3, and NaOH solution are suitable for regenerating 
carbon-based adsorbents. Nonetheless, their performance after several 
cycles is poor, limiting their application on real adsorption systems. A 
strategy to improve their regenerability for several cycles is to combine 
multiple regeneration methods in parallel. For instance, Ma and col-
leagues demonstrated that combining ultrasound and ethanol showed 
better regeneration capacities than sole NaOH and ethanol. By using this 
combined approach, the adsorption capacity only decreased by 10% 
after five cycles [197]. Ultrasound + NaOH has also shown good 
desorption capacities, reducing the adsorption performance by only 
15% after 5 cycles indicating its excellent stability and potential as an 
adsorbent [189]. 

Despite the fact that solvents-assisted regeneration has proved 
excellent desorption capacities, the approach is questionable since the 
pollutant is passing from a solid phase to a new liquid phase, presenting 
an additional challenge to manage the new solution concentrated with 
antibiotics. Additionally, there is no universal eluent that can desorb all 
antibiotics from a given adsorbent; an eluent that works with a sulfon-
amide antibiotic may not be suitable with a quinolone antibiotic 
[55,86], which means that several chemicals must be used to desorb an 
adsorbent saturated with different types of antibiotics. Consequently, a 
new approach that includes the degradation of the pollutant has been 
studied in recent years. For this, catalysts and photocatalysts (such as 
TiO2, WO3, ZnO, Fe2O3, CuO, CoO) are loaded on the surface of adsor-
bents, and the degradation of the antibiotic occurs by catalytic oxida-
tion. In this context, Nguyen et al. [205] deposited CoO nanoparticles on 
the surface of BC for the removal of TET and evaluated its reusability 
using only ultrapure water. It was observed that the extent of TET 
removal from synthetic solutions was greater than 93% during the first 8 
cycles and decreased to 80% in the 10th cycle. Its reusability was also 
evaluated in real domestic wastewater, where the removal efficiency of 

Table 7 
Desorption and reusability studies of several adsorbents derived from agricultural and industrial waste.  

Adsorbent Antibiotic Regeneration agent Adsorption capacity (mg/g) or % Removala Ref. 

1st cycle 2nd Cycle 3th cycle 4th Cycle 5th Cycle  

NaOH and cellulase-modified maize stover SMT Acetone and methanol 0.125 ~0.12 0.117 0.11 0.105 [38] 
NaClO2-modified CGF ENR 

CIP 
NOR 

0.1 M HCl 100% 
100% 
100% 

95% 
100% 
100% 

105% 
93% 
100% 

98% 
102% 
101% 

100% 
91% 
98% 

[86] 

Tb-Eu/HNO3-modified garlic peels ENR UW with 5% ammonia ~96% ~91% ~87% 53% 37%  [79] 

NaY zeolite from wheat ash DOX 0.05 M NaOH 65.75 58.59 57.48 52.71 50.17 [243] 
DES-modified rice husk ash OFL Hot air at 100 ◦C ~72% 70% 61% – – [66] 
PmPD-grafted Calotropis gigantea fiber CIP 0.1 M HCl ~42 ~44 ~44 ~43 ~42.5 [77] 
HNO3-modifitied BC SMT 

SCP 
0.1 M HCl 45 

40 
43 
36 

40.5 
35.7 

40 
35 

– 
– 

[121] 

Sodalye and HNO3-modified BC TET 0.2 M NaOH 87 88 85 86 85.5 [192] 
HCl-modified BC TET 0.1 M NaOH 142 138 134 132 130.5 [189] 
Fe-loaded BC SMX 0.1 M NaOH 252.8 ~250 ~210 ~180 ~170 [196] 
Fe/Zn-loaded BC TET Ethanol + ultrasound 98% 95% 91% 88% 85.2% [197] 
Mn/Fe loaded BC LEV 2 M NaOH 170 110 85 80 50 [199] 
Attapulgite/BC composite TET Thermal generation at 300 ◦C 300 ~260 ~245 ~240 ~230 [180] 
TiO2 NPs/BC composite BLX 0.1 M HNO3 68.56% ~70% ~68% ~67% 66.32% [204] 
Ga2S3/sulfur-BC composite CIP 0.2 M NaOH 330.21 328.01 326.05 323.45 320.3 [201] 
CoO NPs/BC composite TET Ultrapure water 100% 98% 97% 96% 96% [205] 
ZnO NPs/Fe3O4/BC composite CIP 0.1 M NaOH 160 150 135 128 – [114] 
TiO2 NSs/HC composite TET 0.1 M NaOH 8.86 7.92 ~4.0 – – [145] 
Fe3O4/GO/HC composite CIP 0.1 NaOH 250 248 246 235 230 [216] 
Mesoporous BC TET Thermal regeneration at 800 ◦C/2h 98.8 98.1 100.0 99.0 – [151] 
N-doped HPC SMZ 

CAP 
0.2 M NaOH ~95% 

~95% 
~90% 
~87% 

~85% 
~80% 

– 
– 

– 
– 

[163] 

Amine-modified bio graphene MET Acid water solution 84% 77% 70% 61% 57% [169] 
Amine- functionalized bio graphene CIP 0.1 M HCl 172.6 170.9 169.2 168.8 168.0 [173] 

BC: biochar, HC: hydrochar, HPC: hierarchical porous carbon, DES: deep eutectic solvent, CGF: Calotropis gigantea fiber, PmPD: poly(m-phenylenediamine), NPs: 
nanoparticles, NSs: nanosheets. 

a Data are reported as removal percentage when the % symbol is used; otherwise, it is adsorption capacity. 
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TET was around 78% in the 10th cycle, showing still great results and 
only slightly lower than the synthetic solution. This great regeneration 
capacity is thanks to CoO NPs that can degrade the TET molecule easing 
the regeneration of the composite. Similarly, Huang et al. [60] coated a 
TiO2 hydrogel layer on the surface of alkali-modified rice straw, which 
enhanced the CIP removal ability by 63% under UV radiation. Besides, 
the photocatalyst TiO2 allowed to regenerate the saturated adsorbent by 
exposing the adsorbent to UV radiation (Fig. 9d). These advances 
establish the great potential of adsorbents coated with catalysts and 

photocatalysts. 

10. Conclusions and future prospects 

In this review, adsorptive materials derived from agricultural and 
industrial waste and used for antibiotics removal were summarized. 
Adsorption properties of raw materials, modified materials, waste-based 
composites, carbon-based adsorbents, and other adsorbents were 
collected, analyzed, and discussed. Further, new strategies to create 

Fig. 10. Adsorbents derived from agricultural and industrial waste for the removal of antibiotics and adsorption performance. Data were taken from Tables 1–5.  
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these adsorbents from these residues were reported. 
In Section 3, the use of pristine residues was assessed. On the whole, 

raw residues have poor adsorption performance with an adsorption 
uptake that ranges from 0.13 to 78.16 mg/g, as can be seen in the 
narrow distribution in Fig. 10, with few exceptions. This implies that 
large amounts of residues would be required to treat a significant vol-
ume of antibiotic-loaded effluents, which decreases their potential 
application in real wastewater plants. Therefore, modifying their porous 
structure, introducing new functional groups, and increasing their sur-
face area through any approach detailed in the above sections is 
necessary. For future research works, it is encouraged the modification 
of the raw wastes, especially for those adsorbents with adsorption in-
takes lower than 50 mg/g, with the aim of seeing them as practical 
materials with properties similar to commercial adsorbents. 

Several methodologies to modify the waste’s surface were summa-
rized in Section 4. In general, chemical modification methods can be 
classified according to the reagent used or the product formed. In this 
context, the use of acids, alkalines, oxidizing, surfactants, ionic liquids, 
and deep eutectic solvents falls into the first group. These agents not 
only introduce new functional groups onto the adsorbent’s surface 
(especially oxygen-containing groups), but some also substantially 
enhance their physical properties. On the other hand, esterification, 
etherification, and grafting techniques focus on forming specific com-
pounds on the adsorbent’s surface, such as esters or ethers. Because of 
the aggregation phenomenon, their specific surface decline, but with an 
increase in the adsorption performance due to the introduction of new 
active sites. In any case, it was observed that by modifying their surface, 
their adsorption capacity improves significantly (2.16–462 mg/g). Ac-
cording to the literature, most studies used acid or alkaline solutions to 
modify these residues chemically. Although these solutions have shown 
satisfactory results, new and less toxic solvents should be tested, 
including ionic liquids and deep eutectic solvents. Additionally, a 
combination of different physical and chemical modification methods is 
encouraged, which according to several studies, can enhance further the 
adsorption properties compared to single treatments. Physical tech-
niques like ball milling, microwave radiation, and ultrasonic can be 
applied in tandem with chemical agents to tailor the physicochemical 
properties of the waste-based adsorbents; these new combined- 
modification techniques might become an important research direc-
tion and hotspot for future research works. 

The development of waste-based composites, reviewed in Section 5, 
also demonstrated being an efficient approach to boost the adsorption 
properties of poor resides; their adsorption capacity ranged between 
3.45 and 900 mg/g (Fig. 10). Within this scheme, nanoparticles have 
been ordinarily deposited on the waste’s surface in order to solve the 
easy aggregation of NPs and facilitate their recovery after adsorption 
tests. Other functional species also ought to be evaluated for future 
research, especially those with catalytic and photocatalytic properties to 
boost the antibiotic removal with a synergic effect of adsorption and 
degradation (Section 8). Besides, the leaching effect from the matrix 
should be studied to avoid secondary pollution of aqueous media, 
especially those composites prepared using the solution blending 
method. 

Regarding carbon-based adsorbents (Section 6), this group of mate-
rials has been the most widely studied in the last decade. According to 
the reviewed literature, biochars, hydrochars, biochar- and hydrochar- 
based composites, mesoporous carbons, hierarchical porous carbons, 
heteroatoms-doped porous carbons, and bio-graphene can be prepared 
using agricultural and industrial wastes. The data collected shows that 
carbonaceous materials are an excellent choice to remove antibiotics 
from aquatic environments, with most adsorption capacities varying in 
the range of 9.68–541 mg/g. Nonetheless, it must be considered that 
these adsorbents require high-energy consumption procedures to obtain 
them in contrast with other materials, and at times more than one step 
(usually carbonization and activation) is required to acquire suitable 
adsorption capacities. For instance, the single pyrolysis produces 

biochar with poor adsorption performances (qe < 100 mg/g); similar 
and even higher adsorption uptakes can be obtained with lower energy 
consuming procedures, like impregnation with chemical species or 
chemical modifications. On the other hand, mesoporous carbons, hier-
archical porous carbons, and heteroatoms-doped porous carbons can be 
effective in removing antibiotics from aqueous media due to their 
outstanding physical properties and abundant functional groups that are 
bound with antibiotics, forming π-π EDA and hydrophobic interactions 
as predominant adsorption mechanisms. Since the production of these 
carbonaceous materials is a highly-demanding process in terms of en-
ergy. Therefore, further research needs to be conducted in order to 
optimize the carbonization process energetically. New alternatives, such 
as catalytic pyrolysis or microwave pyrolysis, should be studied in 
depth. Alternatively, the potential of uncommon physical and chemical 
modification methods, including ball milling, ultrasonic irradiation, 
deep eutectic solvents, ionic liquids, and anionic or cationic surfactants, 
need to be explored and analyzed. 

In Section 7, other adsorptive materials were reviewed. In this sec-
tion, the production of zeolites obtained from ash, hydroxyapatite from 
cement kiln dust or steel slag, some minerals like magnetite, maghemite, 
and jacobsite from water sludge, nanosilica from rice husk and straw, 
nanocellulose from grass, and Fe3O4 NPs from fruit peels and leaves, was 
emphasized. From this group, zeolite analcime obtained from electro-
lytic manganese residue through a hydrothermal method had the 
highest adsorption capacity reported in this review (1922 mg/g for 
ROX). 

Desorption and reusability studies were summarized in Section 9. For 
the waste-derived adsorptive materials presented in this study, thermal 
and chemical-driven regenerations have been widely studied for the 
reusability of exhausted adsorbents. However, these methods still have 
limitations to overcome; specifically, the regeneration efficiencies drop 
significantly after several cycles. Besides, in the eluent-assisted regen-
eration method, a secondary concentrated solution is regenerated that 
requires another appropriate waste management. Alternatively, the 
degradation of antibiotics on the adsorbent thanks to catalysts and 
photocatalysts is a new promising approach that provides less decline in 
removal efficiency over multiple adsorption/desorption cycles and does 
not produce by-products. Therefore, studies with different catalytic and 
photocatalytic compounds should be studied. Notwithstanding, not all 
studies analyze this essential aspect; regeneration or appropriate waste 
management strategies need to be studied in tandem with adsorption 
tests in order to improve the economic feasibility of adsorbents as well 
as reduce their impact on the environment after saturation. 

For the all types of adsorptive materials reviewed, their adsorption 
capacity data was plotted in a boxplot shown in Fig. 10. We observe a 
great variability in the adsorption capacity for the composites (scattered 
data), whereas qe varies less in surface modification, carbonaceous ad-
sorbents, and other adsorbents. For CMs, their data points consistently 
hover around the center values, which shows its low variability. Besides, 
it is observed that CMs have the highest qe median value compared with 
other adsorbents. In particular, heteroatom-dopen carbons and hierar-
chical porous carbons exhibited the best adsorption performance, whose 
adsorption data was above other carbon-based adsorbents, as shown in 
Fig. 5b. Therefore, these materials are the most promising for their 
application in removing antibiotics from aqueous solutions. 

Finally, adsorption tests should be performed with actual domestic 
wastewaters to estimate the real potential of these waste-derived ad-
sorbents, or synthetic solutions with different organic pollutants such as 
analgesics, anti-inflammatories, endocrine disruptors, and other phar-
maceuticals can also be explored. 
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tetracycline from polluted water by chitosan-olive pomace adsorbing films, Sci. 
Total Environ. 693 (2019) 133620, https://doi.org/10.1016/j. 
scitotenv.2019.133620. 

[43] N. Fang, Q. He, L. Sheng, Y. Xi, L. Zhang, H. Liu, H. Cheng, Toward broader 
applications of iron ore waste in pollution control: Adsorption of norfloxacin, 
J. Hazard. Mater. 418 (2021) 126273, https://doi.org/10.1016/j. 
jhazmat.2021.126273. 

[44] J. Chen, J. Zhang, W. Wang, X. Ma, Y. Guo, F. Sun, Y. Wang, Comparison of 
adsorption characteristics of acid-base modified fly ash to norfloxacin, Spectrosc. 
Lett. 53 (6) (2020) 416–429, https://doi.org/10.1080/00387010.2020.1766507. 

[45] C. Dube, R. Tandlich, B. Wilhelmi, Adsorptive removal of ciprofloxacin and 
isoniazid from aqueous solution, Nova Biotechnol. Chi. 17 (2018) 16–28, https:// 
doi.org/10.2478/nbec-2018-0002. 

[46] Y. Wang, Q. Nie, B. Huang, H. Cheng, L. Wang, Q. He, Removal of ciprofloxacin as 
an emerging pollutant: A novel application for bauxite residue reuse, J. Cleaner 
Prod. 253 (2020) 120049, https://doi.org/10.1016/j.jclepro.2020.120049. 

[47] J. Chang, Z. Shen, X. Hu, E. Schulman, C. Cui, Q. Guo, H. Tian, Adsorption of 
tetracycline by shrimp shell waste from aqueous solutions: adsorption isotherm, 
kinetics modeling, and mechanism, ACS Omega 5 (7) (2020) 3467–3477, https:// 
doi.org/10.1021/acsomega.9b0378110.1021/acsomega.9b03781.s001. 

[48] D.C. Henrique, D.U. Quintela, A.H. Ide, A. Erto, J.L.d.S. Duarte, L. Meili, Calcined 
Mytella falcata shells as alternative adsorbent for efficient removal of rifampicin 
antibiotic from aqueous solutions, J. Environ. Chem. Eng. 8 (3) (2020) 103782, 
https://doi.org/10.1016/j.jece:2020.103782. 

[49] Y. Dai, K. Zhang, X. Meng, J. Li, X. Guan, Q. Sun, Y. Sun, W. Wang, M. Lin, M. Liu, 
S. Yang, Y. Chen, F. Gao, X. Zhang, Z. Liu, New use for spent coffee ground as an 
adsorbent for tetracycline removal in water, Chemosphere 215 (2019) 163–172, 
https://doi.org/10.1016/j.chemosphere.2018.09.150. 

[50] M. El-Azazy, A.S. El-Shafie, A. Elgendy, A.A. Issa, S. Al-Meer, K.A. Al-Saad, 
A Comparison between Different Agro-wastes and Carbon Nanotubes for Removal 
of Sarafloxacin from Wastewater: Kinetics and Equilibrium Studies, Molecules 25 
(2020) 5429, https://doi.org/10.3390/molecules25225429. 
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