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Abstract
Chloramphenicol is a broad-spectrum bacterial antibiotic used against conjunctivitis, meningitis, plague, cholera, and typhoid 
fever. As a consequence, chloramphenicol ends up polluting the aquatic environment, wastewater treatment plants, and hospi-
tal wastewaters, thus disrupting ecosystems and inducing microbial resistance. Here, we review the occurrence, toxicity, and 
removal of chloramphenicol with emphasis on adsorption techniques. We present the adsorption performance of adsorbents 
such as biochar, activated carbon, porous carbon, metal–organic framework, composites, zeolites, minerals, molecularly 
imprinted polymers, and multi-walled carbon nanotubes. The effect of dose, pH, temperature, initial concentration, and 
contact time is discussed. Adsorption is controlled by π–π interactions, donor–acceptor interactions, hydrogen bonding, and 
electrostatic interactions. We also discuss isotherms, kinetics, thermodynamic data, selection of eluents, desorption efficiency, 
and regeneration of adsorbents. Porous carbon-based adsorbents exhibit excellent adsorption capacities of 500–1240 mg  g−1. 
Most adsorbents can be reused over at least four cycles.
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Introduction

Water pollution has become one of the globally major chal-
lenges over the past decades. As a result of human activities, 
releasing toxic compounds into water bodies exerts nega-
tive influences on aquatic ecosystems and water quality (Xu 

et al. 2021). These emerging pollutants include textile dyes, 
heavy metals, aromatic compounds, antibiotics, and other 
persistent organic substrates, which can be locally found 
in groundwater and surface water (Saravanan et al. 2021). 
Speaking of antibiotics, they are extensively consumed in 
aquaculture and frequently used in human and animal thera-
pies. Such occurrence can, however, engender a direct dis-
charge of antibiotic residues into water sources (Cheng et al. 
2020). It was reported that antibiotic pollution over long-
term disposure is a crucial factor in rising gene resistance in 
many bacteria (Chaturvedi et al. 2021). Many studies indi-
cated that antibiotic pollution reduces the quality of water 
sources in rivers, lakes, reservoirs and irrigation systems (Li 
et al. 2020a, b, c, d; Xu et al. 2021).

Chloramphenicol manifests as one of emergent antibi-
otic pollutants (Gu et al. 2021). This compound is a broad-
spectrum antibiotic isolated from the bacterium species, 
namely Streptomyces venezuelae (Roushani et al. 2020). 
Based on binding to the bacterial ribosomal subunit, chlo-
ramphenicol inhibits the formation of protein, causing bacte-
rial death (Bayrakci et al. 2021). Thereby, chloramphenicol 
is preferable to the treatment of diseases regarding gram-
positive, gram-negative, and anaerobic bacteria in humans 
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and animals (Busch et al. 2020). With the twin advantages 
comprising relatively low production cost and highly sta-
ble, chloramphenicol has been widely accepted for usage in 
developing countries (Van et al. 2020). Indeed, this antibi-
otic has been found with high frequency in rivers, lakes, and 
seawaters as a result of livestock and aquaculture activities 
(Gopal et al. 2021). Therapeutic activities for humans or 
animals may also be responsible for the presence of chlo-
ramphenicol in hospital wastewaters (Liu et al. 2021), in 
the influents and effluents from wastewater treatment plants 
(Wang et al. 2021).

The exposure of chloramphenicol possibly causes some 
serious impacts on the environment and human health (Sall 
et al. 2020). For aquatic organisms, chloramphenicol has 
a high level of ecological toxicity (Zhang et al. 2021a, b, 
c, d). This compound inhibits the growth and develop-
ment of green algae (Xiong et al. 2019), blue-green algae 
(Xiong et al. 2019), marine algae, and freshwater green alga 
(Parthasarathy et al. 2020) through specific protein control 
(Holanda et al. 2019). For animals, e.g., rat, cat, dog, and 
pig and humans, chloramphenicol is known to be a con-
tributing factor in the aplastic anemia (Zhang et al. 2021a, 
b, c, d). This disease relates to deficiencies in producing 
red and white blood cells, leading to blood disorder, and 
high mortality rate (Cao et al. 2020). In addition, some 
researches indicated that chloramphenicol has potentially 
genotoxic carcinogenicity (Luo et al. 2018). Due to such 
negative effects, many countries such as USA, Canada, Aus-
tralia, Japan, China and European Union banned the use of 
chloramphenicol as an additive from animal feed production 
(Chen et al. 2020a, b).

Considering the widespread presence and negative effects 
of chloramphenicol on the environment and humans, decon-
taminating this compound from water is a great challenge. 

Many approaches such as chemical (Mahdi et al. 2021), 
biological (Lu et al. 2020), and physicochemical methods 
(Yang et al. 2020a, b) have been developed to treat the pol-
lution of chloramphenicol. In general, adsorption is one of 
the most widely used physicochemical methods. Indeed, 
this method offers many outstanding advantages such as 
high efficiency, reusability, flexible operation, environmen-
tal friendliness, and cost saving (Ahammad et al. 2021). In 
particular, adsorbent materials are very diverse, including 
carbon-based materials (Cheng et al. 2019), polymers (Idris 
et al. 2020), metal–organic frameworks (Li et al. 2020a, b, c, 
d), and mineral materials (Sun et al. 2017). Therefore, per-
formance of adsorbents for the removal of chloramphenicol 
from wastewater should be profoundly evaluated.

To the best of our knowledge, there is currently no com-
prehensive review on the occurrence, toxicity, and adsorp-
tive treatment of chloramphenicol drugs in water. Therefore, 
the objectives of this review are to assess the pollution, tox-
icity of chloramphenicol and discuss the latest results of 
chloramphenicol treatment performance using adsorbents in 
the previous studies. To better illustrate, Fig. 1 manifests the 
main sources and mitigation of chloramphenicol antibiotic 
from water. This study is organized by the following main 
sections: (i) occurrence and pollution of chloramphenicol in 
the aquatic environment, wastewater treatment plants, hospi-
tal wastewater; (ii) assessment of toxicity of chlorampheni-
col exposure in humans and animals; (iii) treatment of chlo-
ramphenicol with an emphasis on adsorption technique. The 
selection of adsorption as a major treatment method is also 
explained. The performance of various adsorbents such as 
biochars, activated carbons, porous carbons, metal–organic 
frameworks, composites, molecularly imprinted polymers, 
and other adsorbents is systematically mentioned. Here, 
we evaluate several parameters affecting the efficiency of 

Fig. 1  Sources and mitiga-
tion of the chloramphenicol 
antibiotic in water. To attenuate 
the pollution of chlorampheni-
col, adsorption is used as an 
effective, flexible and high-per-
formance technique. Advanced 
adsorbents including nanocom-
posites, metal–organic frame-
works, molecularly imprinted 
polymers, and carbon-based 
nanomaterials have been 
recently developed to deal with 
chloramphenicol pollution
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chloramphenicol removal as well as to elucidate the plausi-
ble mechanisms controlling the chloramphenicol adsorption. 
Kinetic, isotherm, thermodynamic models are mentioned in 
this study. Some limitations and prospects of chlorampheni-
col adsorption in aqueous medium are suggested to orientate 
further studies.

Occurrence and pollution

Aquatic environment

Main pollution sources of chloramphenicol comprise 
aquaculture, hospital wastewaters, therapeutic activi-
ties for human and livestock, pharmaceutical production 
as illustrated in Fig. 2. In the aquatic environment, the 
occurrence and distribution of chloramphenicol pollution 
can be recorded in surface water, river, groundwater, and 
sea (Table 1). Accordingly, many rivers around the world 
daily receive a certain amount of chloramphenicol from 
human and aquafarming activities. Indeed, Lin et al. (2008) 
reported that household wastewater containing a very low 
chloramphenicol concentration of 1 ng  L−1 was discharged 
into rivers in Taiwan. Choi et al. (2008) revealed a higher 
average level of chloramphenicol of 31 ng  L−1 found in the 
mainstream of the Han River, Korea. At the same trend, 
Lu et  al. (2009) investigated the chloramphenicol con-
centration up to 112.3 ng   L−1 in the aquaculture farms 
in Guangzhou, China. Oluwatosin et  al. (2016) evalu-
ated the presence of this drug in the surface water with a 
maximum concentration of 360 ng  L−1 in Lagos, Nigeria. 

In Malaysia, chloramphenicol levels were found to be the 
highest in the Selangor River of 24.35 ng   L−1, followed 
by the Gombak River of 23.37 ng  L−1, and finally the Lui 
River of 18.03 ng  L−1 (Praveena et al. 2018). In another 
study, Jiang et al. (2011) compared the difference in chlo-
ramphenicol residues between two rivers in China. Specifi-
cally, Pearl River had a significantly higher concentration 
of chloramphenicol, of 266 ng  L−1, than Huangpu River, of 
28.36 ng  L−1.

The presence of chloramphenicol in urban lakes and 
canals has been also recorded (Tran et al. 2019a, b, c). 
This might be because the rivers that contaminated a large 
amount of chloramphenicol flow directly into lakes and 
canals. As a result, these drainage systems are affected by 
chloramphenicol pollution. For example, Tran et al. (2019a, 
b, c) found a wide range of chloramphenicol concentrations 
of 18–155 ng  L−1 in West Lake, Hoan Kiem Lake, Yen So 
Lake, To Lich Canal, and Kim Nguu Canal in Hanoi, Viet-
nam. Similarly, Zhou et al. (2019) showed that chloram-
phenicol at an average level of 4.89 ng  L−1 existed in shallow 
lakes in the Yangtze River basin, China. More surprisingly, 
Tahrani et al. (2016) collected the seawater samples in Her-
glas Sea, Tunisia, and found that the highest concentration 
of chloramphenicol was 15,600 ng  L−1.

The detection of chloramphenicol from river water sam-
ples is widely varied by season. Liu et al. (2009) pointed 
out Nanming River in the winter displayed a notably 
higher chloramphenicol threshold than that in the sum-
mer. Specifically, the mean level of chloramphenicol in 
the downstream was 11,200 ng  L−1 in the winter, com-
pared with 1300 ng  L−1 in the summer. Kong et al. (2014) 

Fig. 2  Main pollution sources 
of chloramphenicol comprise 
aquaculture, hospital waste-
waters, therapeutic activities 
for humans and livestock, 
pharmaceutical production. 
Aquaculture activities directly 
discharge chloramphenicol into 
water. The others are treated by 
wastewater treatment plants, but 
chloramphenicol residue still 
exists in the effluents
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interpreted that high temperature of water in the summer 
strongly affected the decomposition rate of chlorampheni-
col in the rivers. Consequently, the chloramphenicol con-
centration in rivers in hot seasons may be lower than that 
in cold seasons. On the other hand, Xu et al. (2007) indi-
cated that there was a slight disparity of chloramphenicol 
concentrations in Pearl River in the high and low water 
seasons in range of 11–266 ng  L−1, and 54–187 ng  L−1, 
respectively. This difference could be attributable to the 
flow of water, which means that water flow was larger 
in high water seasons, and vice versa. During the high 
water season, aquaculture activities flourished in the riv-
ers, leading to a remarkable increase in the presence of 
chloramphenicol through disease treatments and feedings 
(Huys et al. 2007). Moreover, the concentration of chlo-
ramphenicol would be more diluted during the high water 
season, and hence, the variation of the chloramphenicol 
concentration became wider. Although the use of chloram-
phenicol in aquaculture activities has been restricted, this 
antibiotic still exists and accumulates in the rivers, lakes, 
and seas with high frequency. Controlling the consumption 
of chloramphenicol for livestock and aquaculture activities 
is highly recommended.

Wastewater treatment plants

Wastewater treatment plants are the places that receive and 
treat the polluted water from the major sources involving 
sewages, domestic wastewaters, industrial wastewaters, and 
a part of agricultural wastewaters (Table 2). Therefore, many 
ecological contaminants including chloramphenicol can be 
also present in the influents and effluents of wastewater treat-
ment plants. Indeed, Sui et al. (2011) measured the presence 
of chloramphenicol in the influent up to 71.9 ng  L−1 and 
effluent up to 46.9 ng  L−1 in the municipal wastewater treat-
ment plants in Beijing, China. Tahrani et al. (2016) moni-
tored the level of chloramphenicol in two various regions in 
Tunisia. The results indicated that the influent and effluent 
in Tunis-nord wastewater treatment plants exhibited chlo-
ramphenicol concentrations of 3.3, and 1.1 ng  mL−1, while 
those in Chotrana were 500 and 300 ng  L−1, respectively. 
This could be the difference of treatment technologies at 
these two wastewater treatment plants which consisted of 
the pretreatment, primarily settling, and biological meth-
ods. Likewise, Barbara et al. (2009) compared the amount 
of chloramphenicol in the inlet wastewater of two munici-
pal wastewater treatment plants in South Wales, the UK. 
According to the measured results, the influent of wastewater 

Table 1  Occurrence of chloramphenicol in the aquatic environment

Location Source Chloramphenicol concentration References

Pearl River Guangzhou, China River water 11–266 ng  L−1 in the high water season
54–187 ng  L−1 in the low water

Xu et al. (2007)

Nanming River, Guiyang, China River water 600 ng  L−1 in the upstream waters
11,200 ng  L−1 in the downstream waters

Liu et al. (2009)

Guangzhou, China Surface water 112.3 ng  L−1 in freshwater aquaculture pond Lu et al. (2009)
Huangpu River, Shanghai, China Surface water 28.36 ng  L−1 in center of the stream Jiang et al. (2011)
Yangtze River basin, China Surface water 4.89 ng  L−1 in shallow lakes Zhou et al. (2019)
Taiwan River water 1 ng  L−1 in household wastewaters Lin et al. (2008)
Seoul, Korea Surface water 31 ng  L−1 in Han River Choi et al. (2008)
Grand-Tunis, Tunisia Sea water 400 ng  L−1 in Tunis Tahrani et al. (2016)
Grand-Tunis, Tunisia Sea water 3500 ng  L−1 in Monastir Tahrani et al. (2016)
Grand-Tunis, Tunisia Sea water 15,600 ng  L−1 in Hergla Tahrani et al. (2016)
Grand-Tunis, Tunisia Sea water 200 ng  L−1 in Sousse Tahrani et al. (2016)
Hanoi, Vietnam Surface water 22 ng  L−1 in West Lake Tran et al. (2019a, b, c)
Hanoi, Vietnam Surface water 19 ng  L−1 in Hoan Kiem Lake Tran et al. (2019a, b, c)
Hanoi, Vietnam Surface water 18 ng  L−1 in Yen So Lake Tran et al. (2019a, b, c)
Hanoi, Vietnam Surface water 155 ng  L−1 in To Lich Canal Tran et al. (2019a, b, c)
Hanoi, Vietnam Surface water 137 ng  L−1 in Kim Nguu Canal Tran et al. (2019a, b, c)
Selangor, Malaysia Surface water 15.8–18.03 ng  L−1 in the Lui River Praveena et al. (2018)
Selangor, Malaysia Surface water 22.72–23.37 ng  L−1 in the Gombak River Praveena et al. (2018)
Selangor, Malaysia Surface water 21.48–24.35 ng  L−1 in the Selangor River Praveena et al. (2018)
Kisat River, Kenya River water 20 ± 50 ng  L−1 in the upstream waters

60 ± 80 ng  L−1 in the downstream waters
Kimosop et al. (2016)

Lagos, Nigeria Surface water 360 ng  L−1 in Owo River Oluwatosin et al. (2016)
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treatment plants in Coslech had a higher concentration of 
chloramphenicol, of 150–452 ng  L−1, than Cilfynydd, of 
4–319 ng  L−1. In another study, Peng et al. (2006) demon-
strated the treatment performance of wastewater treatment 
plants was profoundly dependent on the influent wastewater 
sources in Guangzhou, China. Specifically, the removal of 
chloramphenicol in industrial wastewater was greatly dif-
ficult than domestic wastewater. The principal reason relies 
on the co-existence of various industrial pollutants, par-
ticularly in textile dyes and heavy metals with very high 
concentrations. Peng et al. (2006) also explained that the 
industrial wastewaters majorly stemmed from food, chemi-
cal, and pharmaceutical industries. As a result, most waste-
water treatment plants incompletely treated chloramphenicol 
from the wastewaters.

A considerable amount of chloramphenicol after the treat-
ment process in wastewater treatment plants was recorded 
in many previous studies. In Hong Kong, Minh et al. (2009) 
reported that although wastewater treatment plants applied 
many chemical and physical methods to remove chloram-
phenicol from the wastewaters, the removal efficiency was 
generally not satisfactory. Consequently, Victoria Harbor 
in Hong Kong has received record-high levels of chlo-
ramphenicol from the Stonecutters Island of 234 ng  L−1, 
Tai Po of 15.5 ng  L−1, Central of 364 ng  L−1, Wan Chai 
East of 265 ng   L−1, Wan Chai West of 613 ng   L−1, and 
North Point of 100 ng  L−1 (Minh et al. 2009). At the same 
trend, Sui et al. (2010) revealed that chloramphenicol was 
not completely eliminated in the secondary effluent in Bei-
jing, China. By contrast, Tran et al. (2016) detected a very 
low content, less than 1.5 ng  L−1 of chloramphenicol from 

wastewater samples treated by wastewater treatment plants 
in Singapore. This result was tightly related to the low lev-
els of chloramphenicol in raw influents (Kasprzyk-Hordern 
et al. 2009). Tong et al. (2009) and Tran et al. (2016) inter-
preted that the policies of banning chloramphenicol usage 
in livestock breeding in many countries including Singapore 
and China lowered the level of chloramphenicol in waste-
water. To sum up, there are large disparities in the chloram-
phenicol concentration among wastewater treatment plants, 
which reflects the importance of treatment technologies.

Hospital wastewaters

In recent years, chloramphenicol use for therapeutic activi-
ties has been significantly restrained in several hospitals 
due to its side effects such as aplastic anemia (Rich et al. 
1950) and bone marrow suppression (Ambekar et al. 2000). 
Although the presence of chloramphenicol in hospital 
wastewaters is less mentioned, it is still necessary to dis-
cuss systematically. Lin et al. (2008) showed a low level 
of chloramphenicol, less than 1 ng  L−1 in the effluent from 
hospitals in Taiwan. Meanwhile, Kimosop et al. (2016) con-
ducted a thorough investigation of wastewater samples from 
the hospitals in Kakamega, Mumias, Bungoma, and Eldoret 
in Lake Victoria Basin, Kenya. The monitoring techniques 
confirmed that the concentration of chloramphenicol in the 
hospital wastewater effluent was in range from 60 ng  L−1 to 
100 ng  L−1. This study alarmed a serious discharge of chlo-
ramphenicol in hospital wastewaters in Kenya. Summarily, 
there has a marked contrast of chloramphenicol concentra-
tion detected in the hospital wastewater effluents between 

Table 2  Occurrence of chloramphenicol in wastewater treatment plants

a Data estimated from the figures of the referred study

Location Source Concentration References

In the influent In the effluent

Guangzhou, China Industrial and resi-
dential wastewater

1730–2430 ng  L−1 Not detected–1460 ng  L−1 Peng et al. (2006)

Beijing, China Municipal sewage 29a ng  L−1 19 ng  L−1 Sui et al. (2010)
Beijing, China Municipal sewage not detected–71.9 ng  L−1 not detected–46.9 ng  L−1 Sui et al. (2011)
Victoria Harbor, Hong Kong Stonecutters Island – 234 ng  L−1 Minh et al. (2009)
Victoria Harbor, Hong Kong Tai Po – 15.5 ng  L−1 Minh et al. (2009)
Victoria Harbor, Hong Kong Central – 364 ng  L−1 Minh et al. (2009)
Victoria Harbor, Hong Kong Wan Chai East – 265 ng  L−1 Minh et al. (2009)
Victoria Harbor, Hong Kong Wan Chai West – 613 ng  L−1 Minh et al. (2009)
Victoria Harbor, Hong Kong North Point – 100 ng  L−1 Minh et al. (2009)
Singapore Municipal sewage 62–80 ng  L−1 1.5 a ng  L−1 Tran et al. (2016)
Grand-Tunis, Tunisia Tunis-nord 3300 ng  L−1 1100 ng  L−1 Tahrani et al. (2016)
Grand-Tunis, Tunisia Chotrana 500 ng  L−1 300 ng  L−1 Tahrani et al. (2016)
South Wales, United Kingdom Coslech 150–452 ng  L−1 6a –69 ng  L−1 Kasprzyk-Hordern et al. (2009)
South Wales, United Kingdom Cilfynydd 4a –319 ng  L−1 6a ng  L−1 Kasprzyk-Hordern et al. (2009)
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two countries. It can be surmised that the law regulations 
play a vital role in controlling chloramphenicol use in hos-
pitals and indirectly prevent the presence of this drug in the 
wastewaters.

Toxicity

In this section, the ecological toxicity and negative effects 
of chloramphenicol on aquatic environments, animals, and 
humans are discussed as illustrated in Fig. 3. The pollution 
of chloramphenicol drugs in water originates from hospital 
effluents, veterinary husbandry wastewater, and aquafarm-
ing. Untreated wastewater containing chloramphenicol is 
directly discharged into the aquatic environment, causing 
the influence of aquaculture, livestock, domestic water qual-
ity (Lulijwa et al. 2020). A high concentration of chloram-
phenicol in water can inhibit the growth of aquatic organ-
isms, damage cells and change the biochemical properties 
of water (Yunis 1989). Table 3 summarizes some negative 
effects of chloramphenicol on various living objects involv-
ing humans, female mice, Wistar rats, cats, dogs, pigs, and 
algae.

Algae species are predominantly aquatic organisms, 
and they play a critical role in maintaining the balance of 
the aquatic ecosystems (Lai et al. 2009; Stevenson 2014). 
Many works pointed out the effect of chloramphenicol on 

algae species (Leston et al. 2013; Xiong et al. 2019). Indeed, 
Xiong et al. (2019) reported that chloramphenicol was likely 
to inhibit the synthesis of fatty acid, increasing the possi-
bility of protein and deoxyribonucleic acid aggregation. 
This fact resulted in the increasing accumulation of lipid-
peroxidative products, thereby causing a substantial loss of 
β-sheet protein of β-sheet protein. At the same trend, Leston 
et al. (2013) found the uptake and accumulation of the chlo-
ramphenicol drug and its profound effects on the growth 
of green macroalgae Ulva lactuca. Campa et al. (2006) 
indicated that chloramphenicol was less likely to affect the 
Isochrysis galbana species at low concentration of less than 
12 mg  L−1. Compared with this study, Lai et al. (2009) found 
that chloramphenicol could only prevent the growth of the 
same algae species at concentrations higher than 20 mg  L−1. 
This difference may be due to the experimental conditions 
such as light, temperature, and salinity between these works 
which the Isochrysis galbana species were grown.

Likewise, microalgae are one of the important microor-
ganisms of the food chain. Kaparapu (2018) assessed the 
importance of microalgae as food sources for many aquatic 
animals such as fish and shrimp. Moreover, some soft-bod-
ied creatures such as bivalve mollusks, e.g., oysters, scal-
lops, and larval stages of abalone would be benefited from 
microalgae species. When antibiotics such as chlorampheni-
col accumulate in microalgae, the aquatic species, e.g., fish 
and shrimp can be directly accumulated with toxins through 
this food chain (Lu et al. 2009). Consequently, human health 
can be endangered by the consumption of chloramphenicol-
contaminated food sources.

Some medicines containing chloramphenicol as one 
of their ingredients can cause many potent side effects on 
patient health. Previous works reported the harmful effects 
of chloramphenicol in inhibiting the metabolism or reducing 
the effectiveness of some drugs, e.g., tolbutamide, and peni-
cillin in the treatment of human diseases (Christensen and 
Skovsted 1969; Koup et al. 1978). Moreover, some diseases 
such as aplastic anemia (Rich et al. 1950) and bone marrow 
suppression (Ambekar et al. 2000) are attributable to the 
side effects of chloramphenicol. Aplastic anemia is a rare, 
dose independent, irreversible, idiosyncratic manifestation 
(Shukla et al. 2011). This pharmaceutical damages the stem 
cells produced by bone marrow, stopping generating new 
blood cells. Hence, the human body is more vulnerable, and 
prone to infections as well as uncontrolled bleeding. Many 
countries such as the USA, European Union, and Canada 
have limited the use of chloramphenicol for animal and 
human therapies (Samsonova et al. 2012; Yanovych et al. 
2018). However, Samsonova et al. (2012) pointed out that 
chloramphenicol is still being used in some developing coun-
tries for the purposes of aquaculture. In fact, chlorampheni-
col has many notable advantages such as high efficiency, 
good antibacterial activity, and low cost in the treatment 

Fig. 3  Toxicity and effects of chloramphenicol on human health and 
the environment. For humans, aplastic anemia and bone marrow 
suppression are attributable to the side effects of chloramphenicol. 
Aplastic anemia leaves the human body more vulnerable, and uncon-
trolled bleeding, as well as prone to infections. For aquatic organ-
isms, chloramphenicol inhibits the synthesis of fatty acid, increases 
the possibility of protein and deoxyribonucleic acid aggregation, and 
accumulation of lipid-peroxidative products, causing a substantial 
loss of β-sheet protein. As a result, this compound adversely affects 
the growth and metabolism of algae species as well as other aquatic 
organisms, unbalancing the aquatic ecosystems and food chains
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and prevention of infectious diseases in animals. To sum 
up, a serious consideration for the use of chloramphenicol is 
required to alleviate the possible effects on aquatic environ-
ments, animals, and humans.

Removal of chloramphenicol

Selection of treatment methods

There are many methods, e.g., physical, chemical, and bio-
logical for the treatment of chloramphenicol in aqueous 
media. For example, the chemical methods use the advanced 
oxidation process to degrade this antibiotic (Mahdi et al. 

2021). The reagents of the advanced oxidation process are 
strong oxidants, e.g.,  H2O2, persulfate, and ozone to mineral-
ize or oxidize organic pollutants into simple compounds such 
as  CO2,  H2O, and  N2 (Wang and Zhuan 2020). However, the 
chemical methods have many chief disadvantages, e.g., toxic 
oxidants, ultraviolet radiation, expensive chemicals, and high 
cost (Cuerda et al. 2020). Meanwhile, the biological methods 
take advantage of microorganisms to eliminate antibiotics 
under aerobic and anaerobic conditions (Oberoi et al. 2019). 
The plants can also degrade antibiotic compounds through 
the phytoremediation process. Microorganisms undertake 
nitrogen fixation from the structure of chloramphenicol as 
a nutrient source for growth (Xu et al. 2019). Two down-
sides of the biological methods are low removal efficiency, 

Table 3  Effect of chloramphenicol on various living organisms

Organism Possible effects References

Human (12-year-old patient) Inhibit mitochondrial protein synthesis Wiest et al. (2012)
Human Causes optic disk congestion with blurred margins, 

swelling of polymer modified bitumen, and central 
fibroids leading to optic neuropathy

Wang and Sadun (2013)

Human Nitrobenzene metabolites of the chloramphenicol 
impact on the deoxyribonucleic acid lead to aplastic 
anemia in humans

Ohnishi et al. (2015)

Human (neonates and infants lacking glucuronidation 
reactions)

Prolonged use of chloramphenicol can cause gray syn-
drome (low blood pressure, heart failure, gray skin)

McIntyre and Choonara (2004)

Female mice Inhibits protein synthesis in the mitochondria of mye-
loid progenitor cells in the doses of chloramphenicol 
at 2500 and 3500 mg  kg−1 for 5 days

Turton et al. (2006)

Wistar rats Causes blood vessel congestion
Appearance of foam in the cytoplasm of hepatocytes 

in the central region of the liver (hitopathology)

Saba et al. (2016)

Cattle Capable of causing diarrhea or inappetence Dowling (2013)
Cats Causes a decrease in the number of white blood cells 

and the percentage of red blood cells in the blood 
(50 mg  kg−1 body weight in 21 days)

Causes severe depression

Penny et al. (1967)

Dogs Decreased mitotic activity and reduced rate of granu-
locytopoiesis (275 mg  kg−1 body weight/day in 
14 days)

Inhibits erythropoiesis in the bone marrow

Watson (1977)

Pigs Chloramphenicol causes hepatotoxicity, neurotoxicity 
and disturbed intestinal epithelium (20 mg  kg−1 body 
weight, twice every 24 h)

Klebaniuk et al. (2018)

Green macroalgae: Ulva lactuca Chloramphenicol is accumulated and transferred along 
the trophic web in Ulva lactuca in higher levels

Leston et al. (2013)

Green algae: Pseudokirchneriella subcapitata, 
Scenedesmus quadricauda, Scenedesmus obliquus, 
Scenedesmus acuminatus

Inhibit the synthesis of fatty acid
Increase the possibility of protein and deoxyribonu-

cleic acid aggregation

Xiong et al. (2019)

Blue-green alga: Aegilops cylindrica  Inhibit the production of cyanophycin granule poly-
peptide

Simon (1973)

Freshwater green alga: Chlorella pyrenoidosa Half-maximal effective concentration of 14 mg  L−1 Lai et al. (2009)
Marine algae: Isochrysis galbana, Tetraselmis chui Half-maximal effective concentration of 4–41 mg  L−1 Lai et al. (2009)
Alga: Chaetoceros gracilis Chloramphenicol at a dose of 3.0 mg  L−1 significantly 

sensitized the algae Chaetoceros gracilis
Campa et al. (2006)



1936 Environmental Chemistry Letters (2022) 20:1929–1963

1 3

and long treatment duration (Lu et al. 2020). By contrast, 
the physicochemical methods, specifically adsorption, have 
proved as the most reasonable choice for the treatment of 
antibiotic pollutants (Balarak et al. 2020). The adsorption 
processes have many significant advantages including high 
efficiency, reusable adsorbents, easy operation, environmen-
tal friendliness, and cost savings (Shi et al. 2020). This chap-
ter will, therefore, discuss the treatment of chloramphenicol 
in water using adsorption techniques.

Performance of adsorbents

Biochar

According to Table 4, the biochar-based adsorbents have 
been widely applied for the removal of chloramphenicol. 
The most important reason for this situation may be the low 
production cost of biochars. Most of them are produced from 
the pyrolysis of agricultural biomass wastes in the absence 
or deficiency of oxygen (Dai et al. 2019). Also, biochar 
materials have high hydrophobicity, offering a good com-
patibility with hydrophobic structure of chloramphenicol 
(Tong et al. 2019). The pyrolysis temperature of the biomass 
significantly influences on the properties and adsorption 
efficiency of obtained biochars. Indeed, Yang et al. (2020a, 
b) proved that rice straw biochar pyrolyzed at 700 °C,  N2 
flow reached a higher chloramphenicol adsorption efficiency 
than biochars pyrolyzed at 350 °C or 500 °C. On the other 
hand, biochars expose their inherent weaknesses of poor 
surface chemistry and low surface area. This means that 
a large amount of biochars is required for chlorampheni-
col adsorption, and scalability would be a huge challenge. 
To settle such drawbacks, scientists have developed novel 
functionalized biochars (Cheng et al. 2021). For example, 
Fan et al. (2010) demonstrated that bamboo biochars treated 
with NaOH considerably boosted the surface functional 
groups. As a result, chloramphenicol adsorption efficiency 
by modified biochars was approximately four times higher 
than unmodified biochars. Ahmed et al. (2017a) showed that 
chloramphenicol was almost eliminated from water using 
biochars treated by 50%  H3PO4. To sum up, functionaliza-
tion of biochars is necessary to improve chloramphenicol 
removal, but negative effects of residual chemical modifiers 
on the environment should be also considered.

Activated carbon

Activated carbons are highly porous materials constituted 
of  sp2-hybrized carbon atoms in their network. As same 
as biochars, they can directly be produced from biomass 
(Xiang et al. 2019). Activated carbons not only surmount the 
inherent weaknesses but also inherit good characteristics of 
biochars by creating new pores, and high porosity through 

activation (Ouyang et al. 2020). For instance, activated car-
bon from coconut shell achieved a specific surface area of 
1108.4  m2  g−1, and pore volume of 0.4323  cm3  g−1, approxi-
mately 2 times larger than wood biochar (Herath et al. 2019). 
Lach (2019) demonstrated that pores and surface area of 
activated carbons are directly proportional to their adsorp-
tion performance. Indeed, they found activated carbon with 
the largest specific surface of 1692  m2  g−1, and pore volume 
of 2.103  cm3  g−1 exhibited the highest chloramphenicol 
adsorption capacity of 214.91 mg  g−1.

In addition, chemical activators can substantially improve 
the porosity of activated carbons, leading to an enhance-
ment of removal efficiency of chloramphenicol. Specifically, 
Li et al. (2018) demonstrated that activation by phosphoric 
acid increased the number of acidic oxygenated functional 
groups of activated carbon produced from Typha orientalis. 
These oxygenated groups act as hydrogen bonding donor 
and acceptor sites, which participated in the formation of 
adsorbent–adsorbate interactions. Chitongo et al. (2019) 
showed that carbons from grape slurry waste activated by 
KOH instead of HCl gave the efficiency increased by 20%. 
These encouraging results contribute greatly to dealing with 
the alarming problem of antibiotic contamination in devel-
oping countries.

Porous carbon

Among the advanced materials, porous carbons possess a 
variety of outstanding properties such as high surface area, 
large pore, surface chemistry, and high porosity. To syn-
thesize porous carbons, precursors can be selected from 
elementary sources, e.g., petroleum cokes, bovine bone, 
fallen leaves, and chicken feathers to advanced sources, 
e.g., metal–organic framework, zeolitic imidazolate frame-
works, and functionalized polymers. For example, hier-
archical porous carbon from bovine bone obtained a sur-
prisingly high surface area of 3231.8  m2  g−1 and total pore 
volume of 1.976  cm3  g−1 (Dai et al. 2018a). This porous 
carbon reached an equilibrium chloramphenicol adsorption 
of 1240 mg  g−1 at 45 °C. Tran et al. (2019a, b, c) dem-
onstrated a significant increase in specific surface area and 
pore volume of mesoporous carbon from metal–organic 
framework  Fe3O(BDC)3, BDC: benzene-1,4-dicarboxylate, 
pyrolyzed at 700 °C in comparison with its  Fe3O(BDC)3 
precursor. Adhered by this trend, the adsorption capacity of 
 Fe3O(BDC)3-derived mesoporous carbon was determined at 
96.3 mg/g, compared with 24.1 mg/g of  Fe3O(BDC)3.

Notably, porous carbons acquired a high diversity of 
structural pores such as micropores with pore size lower 
than 2  nm, mesopores with pore size between 2 and 
50 nm, and macropores with pore size lower than 50 nm 
(Wang et al. 2020). Porous carbons with micro-sizes or 
meso-sizes may be conducive for the adsorption of small 
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Table 4  Chloramphenicol adsorption performance of various adsorbents

Adsorbents pH Co (mg  L−1) Time (min) Tem. (°C) Dose (g  L−1) Qm (mg  g−1) RE (%) References

Biochars
Biochars pyrolyzed at 

350 °C
7 40 1080 25 0.5 10 – Yang et al. (2020a, b)

Biochars pyrolyzed at 
500 °C

7 40 1080 25 0.5 14.2 – Yang et al. (2020a, b)

Biochars pyrolyzed at 
700 °C

7 40 1080 25 0.5 33 – Yang et al. (2020a, b)

Mixed HCl/HF-modified 
biochars pyrolyzed at 
350 °C

7 40 2160 25 0.5 11.5 – Yang et al. (2020a, b)

Mixed HCl/HF-modified 
biochars pyrolyzed at 
500 °C

7 40 2160 25 0.5 14.7 – Yang et al. (2020a, b)

Mixed HCl/HF-modified 
biochars pyrolyzed at 
700 °C

7 40 2160 25 0.5 60.2 – Yang et al. (2020a, b)

Bamboo charcoal-based 
biochar

4–4.5 0.25–50 2400 25 100 8.46 – Ahmed et al. (2017b)

Bamboo charcoal-based 
biochar

7 30 24 30 1 8.1 – Liao et al. (2013)

Bamboo charcoal-based 
biochar

– 20 15 25 8 0.65 – Fan et al. (2010)

Sodium hydroxide-modi-
fied bamboo charcoal

– 20 15 25 8 2.35 – Fan et al. (2010)

Peanut shell-based porous 
biochar

7 a 300 1440 40 1 423.7 90 a Yang et al. (2020a, b)

Functionalized biochar
H3PO4-activated biochar at 

600 °C
4–4.5 0.25–50 2400 25 50–60 64.79 – Ahmed et al. (2017b)

H3PO4-activated biochar at 
600 °C

4–4.5 0.25–50 2400 25 50–60 75.29 – Ahmed et al. (2017b)

H3PO4-activated biochar at 
600 °C

4.0–4.25 0.25–20 1800 25 80 21.35 – Ahmed et al. (2017a)

Activated carbon
KOH-activated carbon – 150 120 50 0.02 256.41 – Wu et al. (2018)
Commercial activated 

carbon (F–300)
7 484.70 120 20 4 0.099 94.7 Lach and Kubicka (2017)

Commercial activated car-
bon (ROW 08 Supra)

2 484.70 120 40 4 0.12 94.7 Lach and Kubicka (2017)

Commercial activated 
carbon (WG–12)

2 484.70 120 60 4 0.114 93.3 Lach and Kubicka (2017)

HCl-activated grape slurry 
waste

7 30 90 25 16 1.71 72,69 Chitongo et al. (2019)

KOH-activated grape 
slurry waste

7 30 150 25 16 2.55 91.08 Chitongo et al. (2019)

Commercial activated 
carbon (F–300)

2 161 480 20 4 200,67 – Lach (2019)

Commercial activated 
carbon (F–100)

2 161 600 20 4 174,68 – Lach (2019)

Commercial activated 
carbon (WG–12)

2 161 600 20 4 195.45 – Lach (2019)

Commercial activated car-
bon (ROW 08 Supra)

2 161 600 20 4 212.29 – Lach (2019)

Commercial activated 
carbon (Picabiol)

2 161 360 20 4 214.91 – Lach (2019)
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Table 4  (continued)

Adsorbents pH Co (mg  L−1) Time (min) Tem. (°C) Dose (g  L−1) Qm (mg  g−1) RE (%) References

Activated carbon pyro-
lyzed at 800 °C

2 161 360 20 4 343.12 – Lach (2019)

Enteromorpha prolifera-
based activated carbon

– 400–1000 240 20 0.5 709.2 – Zhu et al. (2017)

Typha orientalis-based 
activated carbon

6.2 65 360 25 0.6 137.1 87.8 Li et al. (2018)

Commercial powdered 
activated carbon

– 100 360 25 1 304.878 90 Zhang et al. (2021a, b, c, d)

Corn stover-based acti-
vated carbon

7 25 120 25 8 32.3 100 a Cheng et al. (2019)

Metal–organic frameworks
Fe3O(BDC)3 4 10 60 25 0.4 24.10 25,60 a Tran et al. (2019a, b, c)
PCN–222(Zr) 6.3 500 1 a 25 1 370 99 a Zhao et al. (2018)
MIL–53(Al) – 50 180 25 0.2 104.7 a – Li et al. (2020a, b, c, d)
ZIF–8 – 50 180 25 0.2 23.9 a – Li et al. (2020a, b, c, d)
UiO-66–NH2 – 50 180 25 0.2 34.2 a – Li et al. (2020a, b, c, d)
NH2–MIL–125(Ti) – 50 180 25 0.2 66.4 a – Li et al. (2020a, b, c, d)
Polymers
Functional monomer meth-

acrylic acid–molecularly 
imprinted polymers

8 100 80 25 5 68.03 – Idris et al. (2020)

Functional monomer 
methacrylic acid–non-
imprinted polymers

8 100 180 25 5 62.5 – Idris et al. (2020)

Silica core–shell imprinted 
polymer

8 100 80 25 5 32.26 – Idris et al. (2020)

Silica core–shell non-
imprinted polymers

8 100 180 25 5 29.59 – Idris et al. (2020)

Core–shell molecularly 
imprinted polymers 
based on magnetic 
chitosan

– 48.47 60 25 0.5 17.32 – Ma et al. (2015)

Core–shell molecularly 
non-imprinted polymers 
based on magnetic 
chitosan

– 48.47 60 25 0.5 11.18 – Ma et al. (2015)

Core–shell surface 
imprinted nanospheres–
magnetic mesoporous 
nanosilica

– 32.31 30 25 0.5 403.92 – Dai et al. (2016)

Core–shell surface non-
imprinted nanospheres–
magnetic mesoporous 
nanosilica

– 32.31 60 25 0.5 359 – Dai et al. (2016)

Chitosan-based molecu-
larly imprinted polymers

– 800 40 25 15 32 – Wang et al. (2014)

Chitosan-based non-
molecularly imprinted 
polymers

– 800 60 25 15 6 – Wang et al. (2014

Porous molecularly 
imprinted polymer hal-
loysite nanotube

– 32.31 80 25 0.5 79.39 – Ma et al. (2020)

Porous molecularly 
non-imprinted polymer 
halloysite nanotube

– 32.31 80 25 0.5 29.54 – Ma et al. (2020)
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Table 4  (continued)

Adsorbents pH Co (mg  L−1) Time (min) Tem. (°C) Dose (g  L−1) Qm (mg  g−1) RE (%) References

Composite
Fe3O4-supported bovine 

serum albumin
– 0.2 50 25 2 147.83 96.4 Zhang et al. (2013)

Fe3O4-functionalized 
biochar

4.0–4.5 1 1080 a 25 0.5 83.67 a 100 Ahmed et al. (2017a, b, c)

Nanoscale zero-valent iron 
supported functionalized 
biochar

4.0–4.5 1 720–900 a 25 0.5 131.44 a 100 Ahmed et al. (2017a, b, c)

Activated carbon-sup-
ported nanoscale zero-
valent iron

7 96.94 30 30 0.2 – 67 a Xu et al. (2020)

Multi-walled carbon 
nanotubes-supported 
nanoscale zero-valent 
iron

7 96.94 30 30 0.2 – 100 a Xu et al. (2020)

Carbon powder-supported 
nanoscale zero-valent 
iron

7 96.94 30 30 0.2 3000 100 a Xu et al. (2020)

Biochar supported 
nanoscale zero-valent 
iron

7 96.94 30 30 0.2 – 97 a Xu et al. (2020)

Graphene oxide supported 
nanoscale zero-valent 
iron

7 96.94 30 30 0.2 – 100 a Xu et al. (2020)

Nanoscale zero-valent 
iron particles supported 
activated carbon

– 150 120 50 0.02 1563.97 – Wu et al. (2018)

Porous carbon
Cu3(BTC)2-derived porous 

carbon at 700 °C
6.9 5 120 25 0.56 37.2 87.6 Tran et al. (2019a, b, c)

Potassium citrate-activated 
porous carbons at 900 °C

9 150 250 25 0.2 588.24 – Dai et al. (2018c)

Porous carbons from 
potassium citrate pyro-
lyzed at 750 °C

11 300 300 25 0.2 394.9 – Tian et al. (2017)

Potassium citrate-activated 
porous carbons at 800 °C

11 300 300 25 0.2 451.3 – Tian et al. (2017)

Potassium citrate-activated 
porous carbons at 850 °C

11 300 300 25 0.2 506.1 – Tian et al. (2017)

Potassium citrate-activated 
porous carbons at 900 °C

11 300 300 25 0.2 467.50 – Tian et al. (2017)

Porous carbon pyrolyzed 
at 750 °C

4 120 420 30 0.15 480.5 – Chen et al. (2021)

Porous carbon pyrolyzed 
at 800 °C

4 120 420 30 0.15 531.8 – Chen et al. (2021)

Porous carbon pyrolyzed 
at 850 °C

4 120 420 30 0.15 602.5 – Chen et al. (2021)

Petroleum cokes-based 
porous carbon

2 1000 60 25 1 159.98 – Zhu et al. (2018)

Fallen leaves-based porous 
carbon

2 1000 60 25 1 621.12 – Zhu et al. (2018)

Chicken feathers-based 
porous carbon

2 1000 460 25 1 740.74 – Zhu et al. (2018)

Enteromorpha prolifera-
based porous carbon

2 1000 20 25 1 892.86 – Zhu et al. (2018)
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molecules, especially antibiotics (Zhang et al. 2021a, b, 
c, d). Furthermore, the porosity of porous carbon can be 
flexibly driven by the activation temperature (Bi et al. 
2019). For example, Dai et al. (2018c) manifested that 
when the activation temperature increased from 750 °C to 
900 °C, the surface area and pore volume of mesoporous 
carbon were improved by 47% and 92%, respectively. In 
the presence of activators, e.g., alkalis, and strong acids, 
the porous structure of porous carbons can be enhanced. 
Indeed, Qin et  al. (2016) proved that the mass ratio 

between KOH and shrimp shell-derived carbon plays a 
major role in boosting the porosity for hierarchical porous 
carbons. At high temperature, KOH activator reacts with 
hydrogen and oxygen-containing groups on the surface of 
carbons to release the volatile components, e.g.,  CO2 and 
vapor, forming new pores. These results suggested that 
porous carbon acquires many excellent properties, which 
may be adequate for the treatment of antibiotic pollution 
in the aquatic environment.

Table 4  (continued)

Adsorbents pH Co (mg  L−1) Time (min) Tem. (°C) Dose (g  L−1) Qm (mg  g−1) RE (%) References

Porous carbon from 
 Cu3(BTC)2 pyrolyzed at 
700 °C

6 10 240 25 0.5 96.3 100 a Tran et al. (2019a, b, c)

Hierarchical porous 
carbons from sodium 
carboxymethyl cellulose

3 150 60 45 0.2 879.68 – Zhang et al. (2017)

Magnetic hierarchical 
porous carbon

10 300 250 25 0.2 493.8 – Dai et al. (2018b)

Magnetic amine-doped 
hierarchical porous 
carbon

10 300 250 25 0.2 503.5 – Dai et al. (2018b)

Magnetic amine-doped 
hierarchical porous 
carbon

10 300 250 25 0.2 534.2 – Dai et al. (2018b)

Shrimp shell-based hierar-
chical porous carbons

6.94 200 180 45 0.3 742.4 100 a Qin et al. (2016)

Bovine bone-based hierar-
chical porous carbon

– 150 300 45 0.2 1240 – Dai et al. (2018a)

Ordered mesoporous car-
bon–polyethylene glycol

11 400 300 30 1 209.68 – Mohd Din et al. (2015)

Other adsorbents
Ionic liquid-modified 

zeolite
– 1615.66 120 – 50 8.40 a – Sun et al. (2017)

Ionic liquid-modified illite – 1615.66 120 – 50 10.34 a – Sun et al. (2017)
Ionic liquid-modified 

montmorillonite
– 1615.66 120 – 10 58.16 a – Sun et al. (2017)

Raw steel shavings 3 1 60 25 2 2.92 100 a Tran et al. (2017)
Nitrogen plasma-modified 

steel shavings
3 1 60 25 2 3.17 100 a Tran et al. (2017)

Commercial multi-walled 
carbon nanotubes

3 0.2 720 25 0.06 34.87 – Zhao et al. (2016)

Commercial aligned multi-
walled carbon nanotubes

3 0.2 720 25 0.06 17.1 – Zhao et al. (2016)

Commercial multi-walled 
carbon nanotubes

3 0.2 720 25 0.06 8.53 – Zhao et al. (2016)

Commercial multi-walled 
carbon nanotubes

3 0.2 720 25 0.06 9.92 – Zhao et al. (2016)

Commercial multi-walled 
carbon nanotubes

3 0.2 720 25 0.06 6.59 – Zhao et al. (2016)

Note that  Co: initial concentration, Tem.: temperature,  Qm: maximum adsorption capacity, RE: removal efficiency, a data estimated from the fig-
ures of the referred study)
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Metal–organic frameworks

Metal–organic frameworks have received enormous atten-
tion from material scientists due to their unique character-
istics, e.g., permanent porosity, and extremely high surface 
area (Deng et al. 2010). As a result, they are widely applied 
in gaseous fuel storage, chemical hydrogen storage, solar 
light electrochemical energy storage, and conversion (Li 
et al. 2020a, b, c, d; Tranchemontagne et al. 2009). The 
formation mechanism of metal–organic frameworks relies 
on the coordination between organic ligands and metal ions 
or clusters (Yaghi et al. 2019). Their homogeneous crystal 
structure is formed through the linkages of the secondary 
building units (Safaei et al. 2019). For example, cadmium-
based metal–organic frameworks (Cd–TMU–7) were son-
ochemically synthesized based on binuclear Cd(II) units, 
 Cd2(CO2)4N4, that are six-coordinated and linked through 
4,4-oxybisbenzoic acid and 2,5-bis(4-pyridyl)-3,4-diaza-
2,4-hexadiene ligands (Masoomi et al. 2017). By possess-
ing inorganic metal ion nodal bonds and organic ligands, 
metal–organic frameworks can adjust their particle size 
and shape. Specifically, Vaitsis et al. (2019) observed a 
remarkable increase up to 23 times in particle size of the 
magnesium-based metal–organic framework (Mg-MOF-74) 
synthesized by the solvothermal method in comparison to 
the ultrasound method.

Considering the outstanding properties of metal–organic 
frameworks, they can be ideal adsorbents for the removal 
of chloramphenicol from water. Indeed, Li et al. (2020a, 
b, c, d) successfully synthesized MIL-53(Al), ZIF-8, UiO-
66-NH2, and  NH2-MIL-125(Ti) by the polydopamine-
modified electrospun method. Among these metal–organic 
frameworks, MIL-53(Al) exhibited the largest surface area, 
437.97  m2  g−1, and pore volume, 0.306  cm3  g−1, and the best 
equilibrium chloramphenicol uptake capacity, 79.5 mg  g−1. 
In another study, zirconium-based metal–organic framework 
(PCN-222) was used as an efficient adsorbent with a very 
high adsorption capacity of 370 mg  g−1, and removal effi-
ciency up to 99% (Zhao et al. 2018). The authors indicated 
the key role of hydrogen bond and electrostatic interactions 
as well as the special pore of the adsorbent in elevating the 
adsorption performance of MIL-53(Al). On the other hand, 
the desorption efficiency and regeneration of metal–organic 
frameworks are worth considered since this factor exerts the 
practical performance of metal–organic framework adsor-
bents (Abbasi and Rizvandi 2018). The procedure of regen-
eration is still relatively complex and needs to be meticu-
lously investigated in future researches.

Composites

Composite materials are formed through the process of coor-
dination, functionalization, and cross-linking of precursors 

to significantly improve the physical, physicochemical, 
and mechanical properties of the original precursors (Dutt 
et al. 2020). The composition of composite materials can be 
divided into two main parts including core and supporting 
materials that have different properties (Chen et al. 2020a, 
b). Take carbon-supported nanoscale zero-valent iron com-
posite, for example, the core material is nanoscale zero-
valent iron (Li et al. 2021). Although nanoscale zero-valent 
irons possess a strong ferromagnetic feature, their inherent 
disadvantage is prone to agglomeration (Lv et al. 2019). To 
overcome this weakness, the carbon component is added to 
aid the better dispersion of the nanoscale zero-valent iron 
particles in the porous carbon matrix (Li et al. 2020a, b, c, 
d). The strengths of porous carbon are large specific sur-
face area, diversity of functional groups, and high removal 
performance to pollutants. As a result, the composite in the 
combination of nanoscale zero-valent iron and porous car-
bon acquires better physical and physicochemical properties 
than each single component (Liu and Wang 2019).

According to Table 4, the high efficiency of composite 
materials for removing chloramphenicol in the aqueous solu-
tions is revealed. For example, Zhang et al. (2013) demon-
strated that bovine serum albumin-supported magnetic com-
posite acted as a potential adsorbent for chloramphenicol 
removal efficiency of 96.4% from water. In another study, 
Wu et al. (2018) successfully immobilized the nanoscale 
zero-valent iron particles on activated carbon support, which 
reached a very high chloramphenicol uptake capacity of 
545.25 mg  g−1. At the same trend, Xu et al. (2020) found 
that carbon powder was the best support on nanoscale zero-
valent iron. For outcomes of chloramphenicol adsorption, 
the composite acquired a high removal rate of 3.70  min−1, 
removal percentage of higher than 99%, and uptake capacity 
of 3000 mg  g−1. It can be therefore concluded that the use 
of composite materials to treat chloramphenicol from the 
aquatic environment was considered a promising direction. 
In further researches, they can extend many emerging appli-
cations such as membrane processes, oil–water separation, 
decomposition of toxic dyes, removal of heavy metals (Ali 
et al. 2019; Raju and Shanmugaraja 2021).

Molecularly imprinted polymers

Molecularly imprinted polymers are considered emerging 
materials for solving the problems of competitive adsorp-
tion between antibiotics. Their characteristics of adsorption 
involve high selectivity, magnetic separation, and short time 
(Fresco-Cala et al. 2020). According to Table 4, polymeric 
materials exhibited superior adsorption capacities and 
accelerated equilibrium rates to remove the target pollut-
ants rapidly. To possess outstanding properties, monomers 
must undergo polymerization under the cross-linking steps 
to imprint onto the core–shell structure of mesoporous silica 
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or ferrites through in situ precipitation polymerization (Qin 
et al. 2020). Researchers demonstrated high performance of 
molecularly imprinted polymers in the process of remov-
ing antibiotics from water. For example, Ma et al. (2020) 
showed an improvement of chloramphenicol adsorption 
capacity up to 49.85 mg  g−1 of porous molecularly imprinted 
polymers compared with material porous molecularly non-
imprinted polymers. Dai et al. (2016) successfully imprinted 
a homogeneous ultra-thin nanofilm with size of 0.9 nm on 
the surface of magnetic mesoporous nanosilica to form a 
novel molecularly imprinted polymer. This adsorbent has a 
mesoporous structure, microscopic size, high surface area 
of 542.6  m2  g−1, and adsorption capacity of 232.6 mg  g−1 
toward acid red dye. Despite their unique properties, the pro-
duction of molecularly imprinted polymers requires modern 
machinery, skilled operators, and expensive input materials. 
As a result, their applications are limited to industrial-scale 
usage.

Other adsorbents

Apart from the groups of materials mentioned above, 
Table 4 lists other potential materials to remove chloram-
phenicol in the aqueous media. First of all, the multi-walled 
carbon nanotubes are of great interest due to their special 
structural properties. Kumar et al. (2020) indicated that 
multi-walled carbon nanotubes were hollow, cylindrically 
shaped allotropes of carbon, consisting of interlocking sin-
gle-wall carbon nanotubes. Moreover, the specific surface 
area and porosity of carbon nanotubes were outstanding, 
giving enormous benefits for the adsorption of pollutants 
including pharmaceutical drugs (Carrales-Alvarado et al. 
2020). Indeed, Zhao et al. (2016) demonstrated the poten-
tial of multi-walled carbon nanotubes for chloramphenicol 
adsorption. The authors also found that the multi-walled 
carbon nanotubes having higher surface area of 382  m2  g−1 
obtained a better adsorption capacity of 34.87 mg  g−1.

Next, some phyllosilicates, e.g., illite, and montmorillon-
ite, and some tectosilicates, e.g., zeolite are worthily consid-
ered mineral materials. Sun et al. (2017) successfully modi-
fied three materials including illite, montmorillonite, and 
zeolite using 1–hexadecyl–3-methylimidazolium chloride as 
a cationic surfactant. After being activated by this ionic liq-
uid, the obtained chloramphenicol adsorption capacity was 
58.16 mg  g−1 for montmorillonite, 10.34 mg  g−1 for illite, 
and 8.40 mg  g−1 for zeolite. The difference among modi-
fied adsorbents may be influenced by their cationic exchange 
capacity, specifically montmorillonite of 1200 mmol  kg−1, 
illite of 140 mmol   kg−1, zeolite of 110 mmol   kg−1. The 
higher cationic exchange capacity value the material has, the 
stronger the adsorption capacity of mineral materials modi-
fied by ionic liquids was. The reason was due to the forma-
tion of admicelles that support chloramphenicol adsorption.

Finally, the iron-based adsorbents were investigated for 
their adsorption capacity with chloramphenicol. Ngo et al. 
(2017) compared the structural change and adsorption 
results between steel shavings and nitrogen plasma modified 
steel shavings. The results indicated that the nitrogen plasma 
method remarkably increased the specific surface area of 
steel shavings from 2.6916  m2  g−1 to 4.2910  m2  g−1. There 
was a slight improvement in the chloramphenicol uptake 
capacity of nitrogen plasma modified steel shavings of 
3.17 mg  g−1 in comparison with origin raw of 2.92 mg  g−1. 
More importantly, the chloramphenicol removal efficiency 
of steel shavings modified by nitrogen plasma was reached 
100%. It can be commented that the nitrogen plasma method 
is effective to improve the surface area of the materials, 
which may directly affect their adsorption performance.

Optimization of chloramphenicol removal

Influential parameters

The chloramphenicol treatment efficiency in water is closely 
dependent on the properties of each adsorbent as well as 
the process parameters. The performance of different adsor-
bents, e.g., porous carbons, metal–organic frameworks, 
modified polymers, and nanocomposites and experimental 
conditions for chloramphenicol uptake is summarized in 
Table 4. There are several influential operating parameters 
such as initial concentration, adsorbent dosage, system tem-
perature, contact time, and solution pH during the investiga-
tion or optimization of chloramphenicol removal. The chlo-
ramphenicol treatment efficiency by adsorbents is assessed 
based on the values of the maximum adsorption capacity and 
removal efficiency. The maximum chloramphenicol adsorp-
tion capacities are obtained from theoretical Langmuir mod-
els and experimented values. The chloramphenicol removal 
efficiency reflects the percentage of chloramphenicol treated 
by the adsorbents. This section will discuss the effect of 
operating parameters on the removal of chloramphenicol as 
illustrated in Fig. 4.

Effect of pH

The pH of the solution is one of the most important fac-
tors influencing the adsorption of chloramphenicol in the 
aqueous solutions. This fact is because pH of the solution 
is possibly related to the ionization and physicochemical 
characteristic of chloramphenicol. According to Table 4, the 
range of pH was investigated mostly from 1 to 12 in the past 
studies. The protonation of chloramphenicol occurs when 
pH of the solution is lower than  pKa 5.5 of chlorampheni-
col (Tian et al. 2017). Specifically, some functional groups, 
e.g., –OH, –NH–, C=O, and –NO2 of chloramphenicol react 
with oxygen-containing groups, e.g., –COOH, and C=O of 
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the material surface (Zhang et al. 2017). As a result, hydro-
gen bond is formed between the surface of adsorbent and 
chloramphenicol, leading to an enhancement in antibiotic 
adsorption efficiency (Ahmed et al. 2017a, b, c; Li et al. 
2018). Indeed, Tran et al. (2019a, b, c) showed that hydro-
gen bond between metal–organic framework  Fe3O(BDC)3 
and chloramphenicol was stronger in acidic solutions, giv-
ing the best adsorption efficiency of 11.7 mg  L−1. However, 
increasing the solution pH from 4 to 12 substantially reduced 
chloramphenicol adsorption. In agreement with Tran et al. 
(2019a, b, c), Chen et al. (2021) showed that potassium car-
bonate  (K2CO3)-modified porous carbon achieved a maxi-
mum chloramphenicol adsorption efficiency of 534 mg  L−1 
at pH 4, which was 16% higher than that at pH 9.

On the other hand, the deprotonation of chloramphenicol 
takes place when the solution has a pH level higher than 
 pKa 5.5 of chloramphenicol (Qin et al. 2016). During this 
process, the amide group –NHCO– of chloramphenicol dis-
sociates  H+ or  H3O+ ions (Xu et al. 2020). The anions disso-
ciated from chloramphenicol exert an attraction force toward 
the positively charged surface of the adsorbent (Zhao et al. 
2018). As a result, the electrostatic interaction is formed, 
facilitating the adsorption of chloramphenicol in water 
(Zhang et al. 2017). For example, Tran et al. (2019a, b, c) 
showed that the mesoporous carbon matrix with pH point 
of zero charge of 6.4 had a maximum adsorption value of 
40.8 mg  g−1 at the optimum pH 6, which was 46% more 
efficient than that at pH 3. This result demonstrated that the 
acidity of the solution is stronger, the electrostatic repul-
sion between the cationic chloramphenicol and the posi-
tively charged adsorbent is prone to reduce the adsorption 
efficiency. When pH was raised up to 6, the electrostatic 

repulsion was alleviated, and simultaneously, electrostatic 
attraction between the negatively charged chloramphenicol 
and the positively charged mesoporous carbon adsorbent was 
formed to ameliorate the adsorption of chloramphenicol. In 
another experiment, Idris et al. (2020) indicated that sev-
eral materials such as non-imprinted polymers, molecularly 
imprinted polymers, silica core–shell imprinted polymers, 
and silica core–shell non-imprinted polymers had strong 
adsorption capacities at pH between 7 and 8. The adsorption 
mechanisms by these adsorbents were also proposed based 
on the electrostatic attraction.

Initial concentration

The initial concentration of chloramphenicol can strongly 
affect the adsorption capacity of the adsorbents (Chitongo 
et al. 2019). Generally, the higher the initial concentration 
of chloramphenicol in solution, the higher the adsorption 
capacity of adsorbents (Dai et al. 2018c). This fact is con-
sistent with a shift in the concentration gradient, in which 
chloramphenicol molecules always tend to diffuse from the 
region having higher concentration—solution to the region 
having lower concentration—adsorbent until when the sys-
tem reaches equilibrium (Idris et al. 2020). On the other 
hand, Zhao et al. (2018) explained that chloramphenicol at 
higher concentration solution supplied a larger quantity of 
functional groups, e.g., –OH, –NO2, and C = O, leading to 
more contact with active sites of  Zr6(µ–OH)8(OH)8(CO2)8) 
adsorbent. In this case, hydrogen bond between chloram-
phenicol and groups, e.g., –OH, and –COO– of Zr-based 
metal–organic framework was formed, increasing the 
adsorption capacity.

The effect of chloramphenicol concentration on adsorp-
tion capacity can be monitored by practical experiments. For 
example, Qin et al. (2016) compared the uptake of chloram-
phenicol over N-doped hierarchical porous carbons produced 
from shrimp shells at two different concentrations of 100 and 
200 mg  L−1. The findings implicated a very high adsorption 
capacity of 608.1 mg  g−1 at a concentration of 200 mg  L−1, 
which was 47% higher than that at 100 mg  L−1. In another 
experiment, Tran et al. (2019a, b, c) demonstrated when the 
initial concentration of chloramphenicol increased from 10 
to 40 mg  L−1, the adsorption capacity of mesoporous car-
bons increased. As expected, such mesoporous carbon pos-
sessed the highest adsorption capacity of 32.5 mg  g−1 at the 
highest concentration of 40 mg  L−1.

Contact time

The contact time of chloramphenicol adsorption over the 
adsorbent is one of the important factors affecting the pro-
cess kinetic (Ma et al. 2020). Generally, chloramphenicol 
capture is the strongest at the beginning of the process 

Fig. 4  Effect of operating parameters on the treatment efficient of 
various adsorbents. In general, solution pH, temperature of adsorp-
tion system, initial concentration of chloramphenicol, adsorbent dose, 
and contact time are considered the most influential operating param-
eters affecting the removal of chloramphenicol. Here, the optimiza-
tion of these operating parameters is discussed in detail
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and then increases slowly until equilibrium is reached (Wu 
et al. 2018). This result can be explained by the acceler-
ated diffusion of chloramphenicol filling the micropores 
of the adsorbent at the first stage. Then, the adsorption 
sites are gradually occupied until reaching equilibrium 
nature (Li et al. 2018). As an example, Zhu et al. (2018) 
described a similar trend of adsorption kinetics among 
porous carbon materials produced from different precur-
sors, e.g., petroleum cokes, fallen leaves, chicken feathers, 
and Enteromorpha prolifera. Specifically, the adsorption of 
chloramphenicol over all adsorbents strongly took place at 
the first 5-min stage and then steadily increased. However, 
the equilibrium periods varied among porous carbons, spe-
cifically 20 min for Enteromorpha prolifera, 60 min for 
petroleum cokes and fallen leaves, and 460 min for chicken 
feather porous carbons. In another experiment, Dai et al. 
(2018a, b, c) witnessed that porous carbon activated by 
potassium acetate acquired an adsorption capacity of about 
514 mg  g−1 after 50 min. Meanwhile, there was insignifi-
cantly different in adsorption capacity at the equilibrium 
moment after 250 min since the corresponding value was 
556 mg  g−1. It is consequently important that optimizing 
the duration of chloramphenicol adsorption considerably 
saves time as well as energy.

Temperature

Theoretically, temperature is a measure of the average 
kinetic energy of the particles, which their kinetic energy 
and speed increase with increasing temperature (Mohd 
et al. 2015). Moreover, when the temperature increases, 
the viscosity of the solutions decreases. This condition 
enables the molecules to rapidly diffuse through the anti-
mass transfer forces and adsorb on the adsorbent (Ma et al. 
2020). As a result, temperature is one of the important 
factors affecting the chloramphenicol adsorption pro-
cess (Cheng et al. 2019). Many studies demonstrated that 
increasing temperature contributed to improved adsorp-
tion efficiency (Yang et al. 2020a, b; Zhu et al. 2017). For 
example, Dai et al. (2018a, b, c) investigated the effect of 
the temperature on the adsorption of chloramphenicol onto 
the bovine bone-modified porous carbons. As expected, 
they found that the adsorption capacity obeyed the follow-
ing order: 1079 mg  g−1 at 25 °C, 1170 mg  g−1 at 35 °C, 
and 1240 mg   g−1 at 45 °C. In another study, Wu et al. 
(2018) observed that 50 °C was the optimal temperature 
for the adsorption of chloramphenicol onto nanoscale 
zero-valent iron particles supported activate carbon. The 
results indicated that the maximum adsorption capacity 
was 1563.97 mg  g−1 at 50 °C, which was approximately 3 
times higher than that at 20 °C.

Adsorbent dose

Considering the effectiveness of an adsorbent, the lower 
dose, the better. Lower dose of adsorbent brings more 
advantages such as materials saving and cost-effectiveness. 
Hence, the optimization of adsorbent dose will be neces-
sary to reduce the material production and treatment costs 
(Nasseh et al. 2019). Generally, the removal efficiency of 
chloramphenicol increased with increasing dose of adsor-
bent (Li et al. 2019). This can be explained by adding a 
larger amount of adsorbent to the solution, and the adsorp-
tion sites are more supplied (Tran et al. 2019a, b, c). This 
fact increases the chance of contact between chloramphen-
icol and the absorbent, which also increases the removal 
efficiency (Chitongo et al. 2019). For example, Lach (2019) 
investigated the removal efficiency of chloramphenicol by 
granular activated carbons. The outcomes proved that the 
maximum removal efficacy of chloramphenicol was 99% at 
a dose of 8 g  L−1, compared with 36% of that at a dose of 
1 g  L−1. In another experiment, Cheng et al. (2019) pointed 
out that the chloramphenicol removal efficiency increased 
from 90 to 100% when the dose of activated carbon pro-
duced from corn stover increased from 2 g  L−1 to 20 g  L−1. 
However, the authors found an optimum dosage at 8 g  L−1 
of corn stover-activated carbon.

Mechanism of chloramphenicol adsorption

The adsorption of chloramphenicol onto the materials is 
composed of physical and chemical processes (Yang et al. 
2020a, b). Therefore, the interaction mechanism between 
adsorbent and adsorbate is very diverse and dependent on the 
properties of adsorbent, and experimental conditions. Spe-
cifically, surface functional groups, e.g., hydroxyl, carboxyl, 
and amine on the surface of the adsorbents can cause many 
interactions with chloramphenicol. Experimental conditions 
such as solution pH affect the ionization of chloramphenicol. 
In general, there are several main mechanisms for adsorp-
tion of chloramphenicol over carbon adsorbents. Figure 5 
illustrates main mechanisms, e.g., electrostatic interaction, 
hydrogen bonding interaction, Yoshida hydrogen bonding 
interaction, electron–donor–acceptor interaction, and others 
for adsorption chloramphenicol over carbon adsorbent as an 
example. Based on the analysis from Table 4, this section 
will discuss thoughtfully the mechanisms for the adsorption 
of chloramphenicol onto adsorbents.

Electrostatic interaction

The electrostatic interaction is a typical mechanism that 
includes electrostatic attraction and electrostatic repulsion 
(Idris et al. 2020). The former occurs between positively and 
negatively charged sites of chloramphenicol and adsorbent 
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(Yang et al. 2020a, b). Meanwhile, the latter occurs between 
the same charged sites of chloramphenicol and adsorbent 
(Ahmed et al. 2017b). As a result, electrostatic attraction 
enhances the chloramphenicol adsorption and electrostatic 
repulsion hampers this process (Lach 2019). To elucidate the 
electrostatic interaction, three key factors including pH point 
of zero charge of adsorbent  pHpzc, solution pH, and  pKa of 
chloramphenicol should be clarified (Dai et al. 2018c). In 
detail,  pHpzc of adsorbent indicates the surface charge of 
adsorbent at a certain pH. If the pH is lower than  pHpzc, the 
adsorbent surface will be positively charged and vice versa. 
If pH is as equal as  pHpzc, the adsorbent surface will be 
neutrally charged at that pH value.  pKa of chloramphenicol 
can be experimentally determined, as reported at 5.5 (Zhao 
et al. 2018). When pH is lower than  pKa, chloramphenicol 
is protonated, becoming a cation. By contrast, when pH is 
higher than  pKa, chloramphenicol is deprotonated, becom-
ing an anion.

Considering the conditions at  pKa lower than pH and 
pH lower than  pHpzc or  pHpzc lower than pH, and pH lower 
than  pKa, chloramphenicol is deprotonated and negatively 

charged or anionized, while the surface of adsorbent is posi-
tively charged (Fig. 5a, b). As a result, electrostatic attraction 
occurs to enhance the adsorption of chloramphenicol over 
the adsorbent. For example, Zhao et al. (2018) found that the 
 pHpzc value of zirconium-based metal–organic framework 
was 7.0–8.0. At the optimum pH of 6.3, the authors reported 
the highest removal efficiency was nearly 99%. At the same 
trend, Tran et al. (2019a, b, c) determined that the  pHpzc 
value of mesoporous carbon produced from metal–organic 
framework  Fe3O(BDC)3, BDC: benzene-1,4-dicarboxylic 
acid, was 6.4. The work found that the adsorption of chlo-
ramphenicol over this adsorbent gave a maximum adsorption 
capacity of 96.3 mg  g−1 at optimum pH 6. These optimum 
conditions seem to be satisfied with the electrostatic attrac-
tion mechanism, and hence, favorable to the adsorption of 
chloramphenicol.

Considering the conditions at  pKa or  pHpzc lower than pH, 
chloramphenicol is protonated and the surface of adsorbent 
is positively charged (Fig. 5c). Similarly, under the condi-
tions at  pKa or  pHpzc higher than pH, chloramphenicol is 
deprotonated and the surface of adsorbent is negatively 

Fig. 5  Possible mechanisms for adsorption of chloramphenicol over 
carbon adsorbent as an example. Suggested adsorption mechanisms 
include electrostatic interaction (a, b), electrostatic repulsion (c, d), 

electron–donor–acceptor interaction (e, f), Yoshida hydrogen bonding 
interaction (g), and hydrogen bonding mechanisms (h)
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charged (Fig. 5d). As a result, the electrostatic repulsion 
intercepts the migration of chloramphenicol on adsorbent, 
lessening the adsorption efficiency. For example, Tian et al. 
(2017) reported that the  pHpzc value of porous carbons pro-
duced from potassium citrate was 4.2. They witnessed a 
slight decrease in adsorption capacity at pH 3, which may be 
explained by the repulsion effect between deprotonated chlo-
ramphenicol and positively charged carbon adsorbent. Tran 
et al. (2019a, b, c) found a significantly low chloramphenicol 
adsorption capacity of 22.2 mg  g−1 over mesoporous carbon 
produced from  Fe3O(BDC)3, BDC: benzene-1,4-dicarbox-
ylic acid, at the conditions of pH 3 or pH 8, compared with 
40.8 mg  g−1 at pH 4–6. The same trends were also shown in 
the previous work (Chen et al. 2021).

Electron–donor–acceptor interactions

Electron–donor–acceptor mechanism is a type of non-cova-
lent interaction that an electron-rich π system can interact 
with a metal (cationic or neutral), an anion, another mol-
ecule, and even another π system (Yi et al. 2020). Consid-
ering the uptake of chloramphenicol in the medium, π–π 
electron–donor–acceptor interactions can be considered as a 
main adsorption mechanism (Chen et al. 2021). This hypoth-
esis is explained by the chemical structure of chlorampheni-
col and the functional groups on the surface of the adsor-
bent (Dai et al. 2018b). Indeed, chloramphenicol possesses 
a strong electron-withdrawn nitro group –NO2, one amide 
group –CONH–, two unconjugated alcoholic groups –OH, 
and an aromatic ring. Meanwhile, several carbon-based 
adsorbents such as activated carbon, biochar, and porous 
carbon have many π–electron-rich graphene networks along 
with functional groups-diverse surface, e.g., –OH, C = O, 
and –COOH (Ahmed et al. 2017a). In that case, chloram-
phenicol acts as π–electron–acceptor and the adsorbent acts 
as π–electron–donor in the adsorption process (Dai et al. 
2018c). As a result, an π–π electron–donor–acceptor mecha-
nism between adsorbent and adsorbate can be formed during 
the adsorption of chloramphenicol (Lach 2019). Moreover, 
functional groups of adsorbent and chloramphenicol contain 
lone pairs of electrons on oxygen, or nitrogen, which can 
lead to a type of n–π electron–donor–acceptor mechanism 
(Fig. 5e, f). Basically, both types of interactions are less 
likely to depend on the solution pH.

Many previous works indicated the importance of π–π 
and n–π electron–donor–acceptor mechanisms in the 
adsorption of chloramphenicol. For example, Zhu et al. 
(2018) compared the chloramphenicol adsorption capac-
ity between Enteromorpha prolifera-derived and petro-
leum cokes-derived porous carbons. The results indicated 
that Enteromorpha prolifera-derived porous carbon exhib-
ited an adsorption capacity of 892.86 mg  g−1, which was 
82% higher than petroleum cokes-derived porous carbon. 

The authors found that the content of oxygen 12.55% on 
Enteromorpha prolifera-derived porous carbon was so far 
higher than 6.89% of petroleum cokes-derived porous car-
bon. This disparity was highly likely to affect the n–π elec-
tron–donor–acceptor interaction between porous carbon and 
chloramphenicol. In another study, Yang et al. (2020a, b) 
investigated the adsorption of chloramphenicol on peanut 
shell-based porous biochar. They noted the disappearance 
of an important peak at 290.9 eV on C 1 s X-ray photoelec-
tron spectroscopy spectrum, corresponding to π–electrons 
in aromatic rings after chloramphenicol uptake. This find-
ing implied the involvement of π–π electron–donor–acceptor 
mechanism between aromatic systems in biochar and aro-
matic ring in chloramphenicol.

Hydrogen bonding

Hydrogen bonding as illustrated in Fig. 5g, h is a type of 
dipole–dipole attraction between a hydrogen atom covalently 
bonded to a highly electronegative atom, e.g., N, O, F and 
another highly electronegative atom (Xiang et al. 2020). 
Yoshida hydrogen bonding is another interaction between 
hydrogen atoms covalently bonded to a highly electronega-
tive atom and electrons of aromatic rings (Fig. 5g). Accord-
ing to Table 5, hydrogen bond prevalently exists during the 
adsorption of chloramphenicol onto the surface of carbon-
based materials. Specifically, chloramphenicol in solution 
contains many functional groups, e.g., –NH, –OH, and –NO2 
(Zhao et al. 2016). Meanwhile, the surfaces of adsorbent 
are filled by oxygen-, nitrogen-containing functional groups, 
e.g., –OH, –COOH, and –C = O (Qin et al. 2016). As a result, 
the hydrogen bonding forms an adsorption mechanism, 
which is effective for chloramphenicol removal (Ahmed 
et al. 2017a). Apart from dipole–dipole hydrogen bonding, 
Yoshida hydrogen bonding between adsorbent and chloram-
phenicol can be also formed. Both dipole–dipole hydrogen 
bonding and Yoshida hydrogen bonding interactions boost 
the adsorption of chloramphenicol. For example, Zhao et al. 
(2018) demonstrated that zirconium-based metal–organic 
frameworks  Zr6(μ-OH)8(OH)8(CO2)8 supplied many –OH 
groups as adsorption sites. Through dipole–dipole hydrogen 
bonding and Yoshida hydrogen bonding, these –OH groups 
interacted with functional groups of each chlorampheni-
col molecule. As a result, the zirconium-based adsorbent 
obtained an adsorption capacity of 375 mg  g−1, which was 
so far higher than 10–45 mg/g of other metal–organic frame-
works, e.g., MIL-101(Cr), MIL-101(Cr)-NH2, and MIL-
53(Al). To sum up, hydrogen bonds contribute greatly to 
enhancing the adsorption of chloramphenicol by adsorbent.

However, Li et al. (2018) suggested that hydrogen bonds 
between chloramphenicol and the surface functional groups 
of adsorbent could be slightly reduced when the pH val-
ues increased. This phenomenon can be explained because 
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Table 5  Plausible mechanism of chloramphenicol adsorption. Note that data is estimated from the figures of the referred study

Adsorbent Optimum pH Adsorption mechanism References

Sodium hydroxide-modified bamboo charcoal – π–π interaction
Hydrogen bonding interaction
Hydrophobic interaction
π–π electron–donor–acceptor interactions

Fan et al. (2010)

Bamboo charcoal-based biochar 7 π–π electron–donor–acceptor interactions
Hydrogen bonding interaction
Hydrophobic interaction
Electrostatic interaction

Liao et al. (2013)

H3PO4-activated biochar at 600 °C 4.0–4.5 Electron–donor–acceptor interactions
Charge-assisted hydrogen bond
Hydrogen bonding interaction
Electrostatic interaction

Ahmed et al. (2017b)

H3PO4-activated biochar at 600 °C 4.0–4.5 Electron–donor–acceptor interactions
Charge-assisted hydrogen bond
Hydrogen bonding interaction
Electrostatic interaction

Ahmed et al. (2017b)

Peanut shell-based porous biochar 7 a Van der Waals forces
π–π interaction
Hydrogen bonding interaction
Electrostatic interaction

Yang et al. (2020a, b)

H3PO4-activated biochar at 600 °C 4.0–4.25 Hydrogen–bonding interaction
Electron–donor–acceptor interactions
Charge-assisted hydrogen bond

Ahmed et al. (2017a)

Fe3O4-functionalized biochar 4.0–4.5 Hydrogen bonding interaction
Charge-assisted hydrogen bond
Electron–donor–acceptor interactions
Electron–acceptor–acceptor interaction

Ahmed et al. (2017a, b, c)

Commercial activated carbon (F–100) 2 Charge-assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen–bonding interaction

Lach (2019)

Commercial activated carbon (WG–12) 2 Charge assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Lach (2019)

Commercial activated carbon (ROW 08 Supra) 2 Charge assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen–bonding interaction

Lach (2019)

Commercial activated carbon (Picabiol) 2 Charge-assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Lach (2019)

Commercial activated carbon (F–300) 2 Charge-assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Lach (2019)

Activated carbon pyrolyzed at 800 °C 2 Charge-assisted hydrogen bond
Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Lach (2019)

Enteromorpha prolifera-based activated carbon – π–π electron–donor–acceptor interactions
Hydrogen bonding interaction
Van der Waals forces

Zhu et al. (2017)
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Table 5  (continued)

Adsorbent Optimum pH Adsorption mechanism References

Typha orientalis-based activated carbon 6.2 π–π electron–donor–acceptor interactions
Hydrophobic interaction
Hydrogen bonding interaction
Van der Waals forces
Micro-pore filling

Li et al. (2018)

Metal–organic frameworks  Fe3O(BDC)3 4 Metal-bridging interaction
Electrostatic attraction
π–π interaction
Metal-bridging interaction

Van Tran et al. (2019a)

Metal–organic framework PCN–222(Zr) 6.3 Electrostatic interaction
Hydrogen bonding interaction

Zhao et al. (2018)

Functional monomer methacrylic acid–molecularly 
imprinted polymers

8 Electrostatic interaction
Hydrophobic interaction
Hydrogen bonding
Van der Waals interactions

Idris et al. (2020)

Functional monomer methacrylic acid–non-imprinted 
polymers

8 Electrostatic interaction
Hydrophobic interaction
Hydrogen bonding
Van der Waals interactions

Idris et al. (2020)

Silica core–shell imprinted polymer 8 Electrostatic interaction
Hydrophobic interaction
Hydrogen bonding
Van der Waals interactions

Idris et al. (2020)

Silica core–shell non-imprinted polymers 8 Electrostatic interaction
Hydrophobic interaction
Hydrogen bonding
Van der Waals interactions

Idris et al. (2020)

Core–shell molecularly imprinted polymers based on 
magnetic chitosan

– Hydrogen bonding interaction
Ionic bonding

Ma et al. (2015)

Core–shell molecularly non-imprinted polymers based on 
magnetic chitosan

– Hydrogen bonding interaction
Ionic bonding

Ma et al. (2015)

Core–shell surface imprinted nanospheres–magnetic 
mesoporous nanosilica

– Hydrogen bonding interaction Dai et al. (2016)

Potassium citrate-activated porous carbons at 900 °C 9 Van der Waals forces
Hydrogen bonding interaction
Dipole bond forces
Electrostatic interaction
Electron–donor–acceptor interactions

Dai et al. (2018c)

Porous carbons from potassium citrate pyrolyzed at 
850 °C

11 π–π electron–donor–acceptor interactions
Hydrogen bonding interaction
Electrostatic interaction
Micropore filling

Tian et al. (2017)

Porous carbon pyrolyzed at 800 °C 4 Electrostatic interaction
π–π electron–donor–acceptor interactions
Hydrogen bonding

Chen et al. (2021)

Petroleum cokes-based porous carbon 2 Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Zhu et al. (2018)

Fallen leaves-based porous carbon 2 Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Zhu et al. (2018)

Chicken feathers-based porous carbon 2 Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Zhu et al. (2018)

Enteromorpha prolifera-based porous carbon 2 Electrostatic interaction
Electron–donor–acceptor interactions
Hydrogen bonding interaction

Zhu et al. (2018)
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acidic functional groups, e.g., –COOH, of carbon-based 
adsorbents are gradually ionized (–COO–) at higher pH. 
Hence,  H2O molecules competed with charged functional 
groups of chloramphenicol molecules. Agreed with the 
above hypothesis, Lach (2019) found that the adsorption 
capacity of chloramphenicol onto granular activated car-
bons had a slight decrease from 200 mg/g to 180 mg/g with 
increasing pH from 2 to 10. The reduced quantity of surface 

functional groups on granular activated carbon at higher 
pH conditions might lower the attractive force of hydrogen 
bonding, thereby, unconducive to adsorption.

Other mechanisms

Hydrophobic mechanism is a type of interaction between 
nonpolar molecules together. They usually have a long chain 

Table 5  (continued)

Adsorbent Optimum pH Adsorption mechanism References

Magnetic hierarchical porous carbon 10 π–π electron–donor–acceptor interactions
Hydrogen bonding interaction
Dipole bonding forces

Dai et al. (2018b)

Hierarchical porous carbons from sodium carboxymethyl 
cellulose

3 Electron–donor–acceptor interactions
Hydrophobic interaction
Electrostatic interaction
Hydrogen bonding interaction

Zhang et al. (2017)

Shrimp shell-based hierarchical porous carbons 6.94 Van der Waals forces
Hydrogen bonding interaction
π– π electron–donor–acceptor interactions

Qin et al. (2016)

Porous carbon from  Cu3(BTC)2 pyrolyzed at 700 °C 6 Hydrogen bonding interaction
Electrostatic attraction
π–π interaction
Metal-bridging interaction

Tran et al. (2019a, b, c)

Nanosized zero-valent iron functionalized biochar 4.0–4.5 Charge-assisted hydrogen bond
Hydrogen bonding interaction
Electron–donor–acceptor interactions

Ahmed et al. (2017a, b, c)

Activated carbon-supported nanoscale zero-valent iron 7 Electrostatic interactions Xu et al. (2020)
Multi-walled carbon nanotubes-supported nanoscale 

zero-valent iron
7 Electrostatic interactions Xu et al. (2020)

Carbon powder-supported nanoscale zero-valent iron 7 Electrostatic interactions Xu et al. (2020)
Biochar supported nanoscale zero-valent iron 7 Electrostatic interactions Xu et al. (2020)
Graphene oxide supported nanoscale zero-valent iron 7 Electrostatic interactions Xu et al. (2020)
Ordered mesoporous carbon–polyethylene glycol 11 Electron–donor–acceptor interactions

Hydrogen bonding interaction
Mohd et al. (2015)

Commercial multi-walled carbon nanotubes 3 Electron–donor–acceptor interactions
Hydrogen bonding interaction
The Lewis acid–base interaction

Zhao et al. (2016)

Commercial multi-walled carbon nanotubes 3 Electron–donor–acceptor interactions
Hydrogen bonding interaction
The Lewis acid–base interaction

Zhao et al. (2016)

Commercial multi-walled carbon nanotubes 3 Electron–donor–acceptor interactions
Hydrogen bonding interaction
The Lewis acid–base interaction

Zhao et al. (2016)

Commercial multi-walled carbon nanotubes 3 Electron–donor–acceptor interactions
Hydrogen bonding interaction
The Lewis acid–base interaction

Zhao et al. (2016)

Commercial multi-walled carbon nanotubes 3 Electron–donor–acceptor interactions
Hydrogen bonding interaction
The Lewis acid–base interaction

Zhao et al. (2016)

Raw steel shavings 3 Hydrogen bonding interaction
Electrostatic interactions
Non-electrostatic interactions

Tran et al. (2017)

Nitrogen plasma-modified steel shavings 3 Hydrogen bonding interaction
Electrostatic interactions
Non-electrostatic interactions

Tran et al. (2017)
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of aliphatic carbons or aromatic rings that do not interact 
with water molecules (Geng et al. 2021). Therefore, tak-
ing advantage of high hydrophobicity of chloramphenicol 
to remove it from water by hydrophobic adsorbents such 
as activated carbons and biochars by adsorption methods 
should not be ignored (Zhang et al. 2017). Accordingly, 
Idris et al. (2020) suggested that high binding capacities of 
chloramphenicol by imprinted polymers were attributable 
mainly to strong hydrophobic interactions. Hydrophobic 
effect of imprinted polymers on chloramphenicol adsorp-
tion significantly boosted, leading to an increase in the non-
specific template binding. Through the desorption process, 
Li et al. (2018) demonstrated the presence of hydrophobic 
interaction in the adsorption of chloramphenicol onto Typha 
orientalis activated carbon. Indeed, they used 95% ethanol to 
perform the recovery of chloramphenicol from the adsorbent 
material. As expected, approximately 40% of chlorampheni-
col was desorbed, whereas desorption with distilled water 
was only 11%.

Along with chemical adsorption, physical adsorption also 
contributes significantly to the enhanced removal of chloram-
phenicol by adsorbent materials (Yang et al. 2020a, b). Physi-
cal adsorption is a type of mechanism that depends majorly 
on the structure of the adsorbent, e.g., surface area, and pores 
(Zhu et al. 2017). Based on Table 5, physical adsorption 
mechanisms such as van der Waals forces, and micropore-fill-
ing markedly control chloramphenicol absorption. Micropore 
filling is the process by which chloramphenicol molecules are 
adsorbed into micropores of the adsorbent (Yang et al. 2020a, 
b). For instance, Tian et al. (2017) estimated the size of chlo-
ramphenicol molecule at 0.436 nm. Whereas the average pore 
diameter of potassium citrate-activated porous carbons was 
measured at 1.921 nm, and adequate for chloramphenicol 
adsorption. As expected, the kinetic adsorption of potassium 
citrate-activated porous carbons for chloramphenicol was 
about 475 mg  g−1. In another experiment, Li et al. (2018) 
observed a notable decrease in micropore volume of activated 
carbon from 0.154 to 0.106  cm3  g−1 after chloramphenicol 
adsorption. It can be therefore concluded that chlorampheni-
col molecules tend to fill the pores of the adsorbent.

The van der Waals forces between chloramphenicol 
and adsorbent are basically weak and reversible inter-
actions (Yang et al. 2020a, b). In accordance with this 
argument, Dai et al. (2018a, b, c) demonstrated van der 
Waals forces as a weak binding force through competi-
tive adsorption between chloramphenicol and humic acid 
on the surface of the adsorbent. The results indicated that 
the adsorption capacity of chloramphenicol over potas-
sium acetate-activated porous carbons in the absence of 
humic acid was 548.21 mg  g−1. In the presence of humic 
acid, the adsorption efficiency was 215.04 mg  g−1, sug-
gesting a remarkable decrease of 61%. This phenomenon 
can be explained by breaking the van der Waals forces 

bonds between chloramphenicol and porous carbons. In 
another study, Qin et al. (2016) suggested that the forma-
tion of van der Waals forces between shrimp shell-based 
porous carbons and chloramphenicol could influence the 
adsorption capacity. They noticed that porous carbons with 
a tremendous specific surface area of 3171  m2  g−1, and a 
large pore volume of 1.934  cm3  g−1 enhanced the adsorbent 
interfaces, improving van der Waals forces, hence better 
contacting with chloramphenicol. As expected, porous 
carbons reached a maximum kinetic adsorption capacity 
of 475 mg  g−1.

Equilibrium isotherm, kinetic, thermodynamic 
models

Isotherm models

In general, the adsorption isotherm models are used to 
describe the relationship between adsorbate concentration 
and adsorption capacity at the equilibrium. They can supply 
some assumptions of adsorption mechanism of the adsorbate 
on the surface of the adsorbent when the process reaches 
equilibrium (Zhang et al. 2017). After solving isotherm 
models, the estimation of maximum adsorption capacity can 
be determined. This indicator assesses the performance of 
the adsorbents, and some properties of porous solid adsor-
bents (Dai et al. 2016). The adsorption isotherm models can 
be described in the linear or nonlinear form of mathematical 
regression equations (Cheng et al. 2019; Idris et al. 2020). 
For linear isotherms, the coefficient of determination  R2 is 
the most important parameter to select the best-fitted model. 
Meanwhile, nonlinear isotherms are characteristic of multi-
ple iterative procedures, which were employed by computer 
software to obtain the most reliable estimation (Lach 2019; 
Tran et al. 2017). Apart from  R2 value, several common 
error functions, e.g., hybrid fractional error function, squares 
of the errors, mean relative error, and Marquardt’s percent 
standard deviation can be used to assess the reliability and 
compatibility of each nonlinear model (Fig. 6). Generally, 
the lower error function values and higher  R2 value, the bet-
ter fitted models. It is also found from Table 6 that linear 
isotherms are more frequently used than nonlinear models. 
This fact may be the simplicity and flexibility of fitting linear 
regressions than nonlinear ones.

There are several common isotherm models involving 
Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, 
Redlich–Peterson, and Sips (Fig. 7). Table 6 shows that 
Langmuir and Freundlich isotherms emerged mostly as the 
best fit models for describing chloramphenicol uptake by the 
various adsorbents. This observation underscores the fact 
that materials with homogeneous monolayer or heterogene-
ous multi-layer surfaces have a predominance of chloram-
phenicol adsorption. It is also witnessed that  R2 values are 
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very high, between 0.9 and 1.0. A considerable number of 
works adopt linear isotherms regardless of possible inac-
curacy of estimation. Conversely, some researchers solved 
the nonlinear isotherms and assessed their validation using 
function errors (Tran et al. 2019b; Yang et al. 2020a, b). This 
will increase the accuracy and reliability of estimations. The 
results of maximum chloramphenicol adsorption capacity 
are mainly calculated by Langmuir isotherm.

Kinetic models

Adsorption kinetics supply information about the uptake of 
chloramphenicol onto the adsorbent with respect to contact 
time. The models of kinetics can be categorized by reac-
tion and diffusion types. The former type describes chemi-
cally kinetic reactions over time without including steps. 
Meanwhile, the latter is characteristic of main stages such 
as (i) film diffusion: the process that chloramphenicol occurs 
across the surrounding of adsorbent; (ii) intraparticle dif-
fusion: the migration of chloramphenicol on the surface of 
adsorbent; (iii) the adsorption and desorption of chloram-
phenicol with active sites of the adsorbent. Kinetic models 

reflect the rate of chloramphenicol adsorption and desorp-
tion processes, which are modelized by mathematical equa-
tions. Similar to adsorption isotherms, linear and nonlinear 
mathematical forms of kinetic models have been developed. 
Various mathematical forms of linear and nonlinear models 
involving pseudo-first-order, pseudo-second-order, Elovich, 
and Bangham can be referred from Fig. 8.

According to Table 6, previous works claim the compati-
bility of chloramphenicol adsorption kinetics models in both 
linear and nonlinear mathematical forms with high  R2 val-
ues. The predominance of linear isotherms rather than non-
linear models can be due to their simplicity and flexibility 
of fitting linear regressions than nonlinear ones. Moreover, 
chloramphenicol adsorbed onto different material surfaces 
majorly fits best with the pseudo-second-order model among 
the other ones, e.g., pseudo-first-order, Elovich, and Bang-
ham. The pseudo-second-order model assumes that chem-
isorption is controlled by functional groups of chloramphen-
icol and adsorbent through rate-limiting steps. However, 
there is still debate on what form of pseudo-second-order 
equations should be applied to avoid possible errors. Many 
studies pointed out that the linear form of this equation was 
the most suitable for the adsorption kinetic of chlorampheni-
col (Ma et al. 2015; Wu et al. 2018). In contrast, (Li et al. 
2020a, b, c, d) proved that nonlinear pseudo-second-order 
equations were successful in describing solid–liquid chlo-
ramphenicol adsorption system. Lima et al. (2021) recom-
mended that future investigations should adopt computer 
software to fit nonlinear equations for better accurate results.

Thermodynamic models

In this section, the influence of temperature on chloramphen-
icol adsorption and the property of thermodynamic process 
are elucidated. Referring to thermodynamic parameters, the 
spontaneity and heat of chloramphenicol adsorption over 
the adsorbent can be better understood (Chen et al. 2021; 
Dai et al. 2018a). Characteristic parameters affecting the 
process involve Gibbs free energy ΔG◦ , enthalpy ΔH◦ , and 
entropy ΔS◦ (Yang et al. 2020a, b; Zhang et al. 2021a, b, c, 
d). Mathematically, they are originated from classical Van 
't Hoff expression, represented by the following equations 
(Eqs. 26–28). 

where Keq is equilibrium kinetic rate constant; T is the 
temperature in Kelvin; R is the universal gas constant, 

(26)lnKeq =
ΔS

◦

R
−

ΔH
◦

RT

(27)ΔG
◦

= −RTlnKeq

(28)ΔG
◦

= (ΔH
◦

− TΔS
◦

)

Fig. 6  Mathematic form of common error functions including coef-
ficient of determination,  R2; mean relative error, MRE; squares of 
the errors, SSE; hybrid fractional error function, HYBRID; and Mar-
quardt’s percent standard deviation, MPSD. Chloramphenicol adsorp-
tion capacity values are called as  Qi,cal and  Qi,exp corresponding to 
calculated and experimental values, respectively; mean theoretical 
and experimental adsorption capacity values are called Qi,exp and 
Qi,cal , respectively; n is the total number of experimental data points, 
and  np is the total number of parameters of each kinetic or isotherm 
model
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Table 6  Isotherm and kinetic models for chloramphenicol adsorption. Note that  R2: coefficient of determination, PSO: pseudo-second-order

Adsorbent Isotherm models Kinetic models References

Adherence Type R2 Adherence Type R2

Porous carbon from  Cu3(BTC)2 pyro-
lyzed at 700 °C

Freundlich Nonlinear 0.993 PSO Linear 0.991 Tran et al. (2019a, b, c)

Potassium citrate–activated porous 
carbons at 900 °C

Langmuir Linear 1.000 PSO Linear 1.000 Dai et al. (2018c)

Porous carbons from potassium citrate 
pyrolyzed at 750 °C

Langmuir Linear 0.991 PSO Linear 0.992 Tian et al. (2017)

Porous carbons from potassium citrate 
pyrolyzed at 800 °C

Langmuir Linear 0.993 PSO Linear 0.995 Tian et al. (2017)

Porous carbons from potassium citrate 
pyrolyzed at 850 °C

Langmuir Linear 0.995 PSO Linear 0.993 Tian et al. (2017)

Porous carbons from potassium citrate 
pyrolyzed at 900 °C

Langmuir Linear 0.990 PSO Linear 0.991 Tian et al. (2017)

Petroleum cokes-based porous carbon Langmuir Linear 0.991 PSO Linear 0.998 Zhu et al. 2018)
Fallen leaves-based porous carbon Langmuir Linear 0.998 PSO Linear 1.000 (Zhu et al. 2018)
Chicken feathers-based porous carbon Langmuir Linear 0.999 PSO Linear 0.999 Zhu et al. (2018)
Enteromorpha prolifera-based porous 

carbon
Langmuir Linear 0.999 PSO Linear 1.000 Zhu et al. (2018)

Hierarchical porous carbons from 
sodium carboxymethyl cellulose

Langmuir Linear 0.999 PSO Linear 0.999 Zhang et al. (2017)

Bovine bone-based hierarchical porous 
carbon

Langmuir Nonlinear 0.999 PSO Linear 1.000 Dai et al. (2018a)

Shrimp shell-based hierarchical porous 
carbons

Langmuir Linear 1.000 PSO Linear 1.000 Qin et al. (2016)

Magnetic amine-doped hierarchical 
porous carbon

Langmuir Linear 0.997 PSO Linear 0.993 Dai et al. (2018b)

Magnetic amine-doped hierarchical 
porous carbon

Langmuir Linear 0.998 PSO Linear 0.997 Dai et al. (2018b)

Magnetic amine-doped hierarchical 
porous carbon

Langmuir Linear 0.999 PSO Linear 0.995 Dai et al. (2018b)

KOH-activated carbon Langmuir Linear 0.996 PSO Linear 0.998 Wu et al. (2018)
Commercial activated carbon (F–300) Langmuir Linear 0.996 PSO Linear 0.989 Lach and Kubicka (2017)
Commercial activated carbon (F–300) Langmuir Nonlinear 0.993 PSO Nonlinear 0.975 Lach (2019)
Commercial activated carbon (F–100) Langmuir Nonlinear 0.968 PSO Nonlinear 0.954 Lach (2019)
Commercial activated carbon (WG–12) Langmuir Nonlinear 0.987 PSO Nonlinear 0.968 Lach (2019)
Commercial activated carbon (ROW 

08 Supra)
Langmuir Nonlinear 0.995 PSO Nonlinear 0.988 Lach (2019)

Commercial activated carbon (Picabiol) Langmuir Nonlinear 0.996 PSO Nonlinear 0.994 Lach (2019)
Hydrochloric acid-activated grape 

slurry waste
Langmuir Linear 0.959 PSO Linear 0.817 Chitongo et al. (2019)

KOH-activated grape slurry waste Langmuir Linear 0.978 PSO Linear 0.982 Chitongo et al. (2019)
Enteromorpha prolifera-based activated 

carbon
Langmuir Linear 0.999 – – – Zhu et al. (2017)

Typha orientalis-based activated carbon Freundlich Nonlinear 0.998 PSO Linear 1.000 Li et al. (2018)
Corn stover-based activated carbon Langmuir Nonlinear 0.999 PSO Linear 1.000 Cheng et al. (2019)
Porous carbon pyrolyzed at 800 °C Langmuir Nonlinear 0.998 PSO Nonlinear 0.993 Chen et al. (2021)
Commercial powdered activated carbon Langmuir Linear 0.987 PSO Linear 0.999 Zhang et al. (2021a, b, c, d)
Bamboo charcoal-based biochar Freundlich Nonlinear 0.975 – – – Liao et al. (2013)
Bamboo charcoal-based biochar Langmuir Nonlinear 0.970 – – – Ahmed et al. (2017b)
Biochars pyrolyzed at 350 °C Langmuir Nonlinear 0.998 PSO Linear 1.000 Yang et al. (2020a, b)
Biochars pyrolyzed at 500 °C Langmuir Nonlinear 0.954 PSO Linear 0.962 Yang et al. (2020a, b)
Biochars pyrolyzed at 700 °C Langmuir Nonlinear 0.888 PSO Linear 0.982 Yang et al. (2020a, b)
Peanut shell-based porous biochar Langmuir Nonlinear 1.000 PSO Linear 0.999 Yang et al. (2020a, b)
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Table 6  (continued)

Adsorbent Isotherm models Kinetic models References

H3PO4-activated functionalized biochar 
at 600 °C

Langmuir Nonlinear 0.990 – – – Ahmed et al. (2017b)

H3PO4-activated biochar at 600 °C Langmuir Nonlinear 0.98 – – – Ahmed et al. (2017b)
H3PO4-activated biochar at 600 °C Freundlich Nonlinear 0.925 PSO Nonlinear 0.991 Ahmed et al. (2017a)
Nanosized zero-valent iron functional-

ized biochar
Langmuir Nonlinear 0.991 – – – Ahmed et al. (2017a, b, c)

Ionic liquid-modified zeolite – – – PSO Nonlinear 1.000 Sun et al. (2017)
Ionic liquid-modified illite – – – PSO Nonlinear 1.000 Sun et al. (2017)
Ionic liquid-modified montmorillonite – – – PSO Nonlinear 1.0000 Sun et al. (2017)
Functional monomer methacrylic acid–

molecularly imprinted polymers
Freundlich Linear 1.000 PSO Linear 1.000 Idris et al. (2020)

Functional monomer methacrylic acid–
non- imprinted polymers

Freundlich Linear 0.993 PSO Linear 1.000 Idris et al. (2020)

Silica core–shell imprinted polymer Langmuir Linear 0.999 PSO Linear 1.000 Idris et al. (2020)
Silica core–shell non-imprinted poly-

mer
Langmuir Linear 0.987 PSO Linear 0.988 Idris et al. (2020)

Porous molecularly imprinted polymer 
using halloysite nanotube

Freundlich Linear 0.997 PSO Linear 1.000 Ma et al. (2020)

Porous molecularly non-imprinted 
polymer using halloysite nanotube

Freundlich Linear 0.996 PSO Linear 0.999 Ma et al. (2020)

Core–shell molecularly imprinted poly-
mers based on magnetic chitosan

Langmuir Nonlinear 0.999 PSO Linear 0.998 Ma et al. (2015)

Core–shell molecularly non-imprinted 
polymers based on magnetic chitosan

Langmuir Nonlinear 0.998 PSO Linear 0.997 Ma et al. (2015)

Core–shell surface imprinted nano-
spheres–magnetic mesoporous 
nanosilica

Freundlich Linear 0.996 PSO Linear 1.000 Dai et al. (2016)

Core–shell surface non-imprinted 
nanospheres–magnetic mesoporous 
nanosilica

Freundlich Linear 0.999 PSO Linear 1.000 Dai et al. (2016)

Metal–organic framework  Fe3O(BDC)3 Langmuir Nonlinear 0.993 PSO Linear 0.993 Tran et al. (2019a, b, c)
Metal–organic framework–PCN–

222(Zr)
– – – PSO Linear 0.999 Zhao et al. (2018)

Porous carbon from  Cu3(BTC)2 pyro-
lyzed at 700 °C

Langmuir Nonlinear 0.997 PSO Linear 0.998 Tran et al. (2019a, b, c)

Raw steel shavings Langmuir Linear 0.981 PSO Linear 0.972 Tran et al. (2017)
Plasma-modified steel shavings Langmuir Linear 0.923 PSO Linear 0.974 Tran et al. (2017)
Ordered mesoporous carbon–polyethyl-

ene glycol
Langmuir Nonlinear 0.905 PSO Nonlinear 0.999 Mohd Din et al. (2015)

Metal–organic framework MIL–53(Al) Langmuir Nonlinear 0.994 PSO Nonlinear 0.990 Li et al. (2020a, b, c, d)
Metal–organic framework ZIF–8 Langmuir Nonlinear 0.978 PSO Nonlinear 0.958 Li et al. (2020a, b, c, d)
Metal–organic framework UiO–66-NH2 Langmuir Nonlinear 0.989 PSO Nonlinear 0.944 Li et al. (2020a, b, c, d)
Metal–organic framework  NH2–MIL–

125(Ti)
Langmuir Nonlinear 0.994 PSO Nonlinear 0.877 Li et al. (2020a, b, c, d)

Fe3O4-functionalized biochar Langmuir Nonlinear 0.968 – – – Ahmed et al. (2017a, b, c)
Commercial multi–walled carbon 

nanotubes
Freundlich Nonlinear 0.994 PSO Linear 1.000 Zhao et al. (2016)

Commercial multi–walled carbon nano-
tubes (Aligned–MWCNT)

Freundlich Nonlinear 0.994 PSO Linear 1.000 Zhao et al. (2016)

Commercial multi-walled carbon nano-
tubes (S–MWCNT–2040)

Freundlich Nonlinear 0.982 PSO Linear 1.000 Zhao et al. (2016)

Commercial multi-walled carbon nano-
tubes (L–MWCNT–2040)

Freundlich Nonlinear 0.985 PSO Linear 1.000 Zhao et al. (2016)
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of 8.314 J  mol−1  K−1; Keq is calculated from the experi-
mental results of adsorption isotherms at different tem-
peratures; ΔG◦ , ΔH◦ , and ΔS◦ are Gibbs free energy  
(kJ  mol−1), standard enthalpy (kJ  mol−1), and standard entropy  
(kJ  mol−1  K−1), respectively; if ΔG◦ is lower than 0, chlo-
ramphenicol uptake is thermodynamically spontaneous, and 
vice versa if ΔG◦ is higher than 0, it is thermodynamically 
nonspontaneous; if ΔH◦ is higher than 0, the adsorption is 
endothermic, and vice versa, ΔH◦ is lower than 0, the adsorp-
tion is exothermic; if ΔS◦ is higher than 0, there is an increas-
ing trend in disorderliness leading to better chloramphenicol 
uptake rate, and vice versa if ΔS◦ is lower than 0, it reflects 
a decreasing trend in the disorderliness of chloramphenicol 
uptake.

Table 7 briefly presents the thermodynamic parameters of 
chloramphenicol uptake by various adsorbents. In general, 
the temperature for investigation of the adsorption process 
is varied in the range from 288 to 323 K. This range of 
temperature is favorable for treatment activities under large-
scale adsorption conditions. In addition, the magnitudes 
of thermodynamic parameters provide information on the 
nature of chloramphenicol adsorption. According to Table 7, 
the chloramphenicol adsorption over most absorbents is a 
thermodynamically spontaneous and endothermic process 
since ΔG◦ is between − 9.01 and − 0.03 kJ  mol−1, and ΔH◦ 
is between 0.031 and 49.0 kJ  mol−1. Most chloramphenicol 
uptakes are also the processes that increase in disorderli-
ness since ΔS◦ is between 0.028 and 5.212 kJ  mol−1  K−1. 
By contrast, some works revealed a different trend in ther-
modynamic data. For example, the exothermic nature of the 
chloramphenicol uptake over both metal–organic framework 
 Fe3O(BDC)3 and mesoporous carbon was described because 
ΔH

◦ was lower than zero (Tran et al. 2019a). Considering 
the thermodynamic data of the chloramphenicol adsorption 
over powdered activated carbon, Zhang et al., (2021a, b, 

Table 6  (continued)

Adsorbent Isotherm models Kinetic models References

Commercial multi-walled carbon nano-
tubes (L–MWCNT–60100)

Freundlich Nonlinear 0.985 PSO Linear 1.000 Zhao et al. (2016)

Fe3O4-supported bovine serum albumin Langmuir Linear 0.989 PSO – – Zhang et al. (2013)
Nanoscale zero-valent iron particles 

supported activated carbon
Langmuir Linear 0.998 PSO Linear 0.996 Wu et al. (2018)

Activated carbon-supported nanoscale 
zero-valent iron

Langmuir Nonlinear 0.986 PSO Linear 1.000 Xu et al. (2020)

Multi-walled carbon nanotubes-sup-
ported nanoscale zero-valent iron

Langmuir Nonlinear 0.922 PSO Linear 0.999 Xu et al. (2020)

Carbon powder-supported nanoscale 
zero-valent iron

Langmuir Nonlinear 0.999 PSO Linear 0.999 Xu et al. (2020)

Fig. 7  Common isotherm models involving Langmuir, Freundlich, 
Temkin, Dubinin–Radushkevich, Redlich–Peterson, and Sips. Param-
eters of each isotherm model are defined as follows; Qe (mg  g−1) and 
Qm (mg  g−1) are the equilibrium and maximum adsorption capacity 
values; Ce (mg  L−1) is the post-adsorption concentration of chloram-
phenicol remaining at the equilibrium moment; KL (L  mg−1) is the 
constant coefficient Langmuir; RL =

1

1+CoKL

 is the separation factor, 
 Co is the initial concentration; the process is unfavorable if rL is 
higher than 1, linear if rL is equal to 1, favorable if rL lower than 1, 
and irreversible if rL is zero; KF [(mg  g−1) (L  mg−1)n] is the Freun-
dlich constant; 1/n is the adsorption intensity constant that reveals 
either one-layer adsorption if n is lower than 1 or multi-layer adsorp-
tion if n is higher than 1; kT (L  g−1) is the Temkin isotherm constant; 
BT (mg  g−1) is related to adsorption heat; KD (L  mg−1) is the 
Dubinin–Radushkevich isotherm constant;� (kJ  mol−1) is the Polanyi 
potential in the Dubinin–Radushkevich equation; KR (L  mg−1) and aR 
(L  g−1) are the Redlich–Peterson isotherm constants; α is the 
Redlich–Peterson isotherm exponent; KS (L  mg−1) and aS (L  g−1) are 
the Sips isotherm constants; β is the Sips isotherm exponent
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Fig. 8  Common linear and nonlinear kinetic models including 
pseudo-first-order, pseudo-second-order Elovich, and Bangham. 
Parameters of each isotherm model are defined as follows; t (min) 
is the time of adsorption process; m (g) and V (L) are the weight 
of adsorbent and volume of solution, respectively; Q1 (mg  g−1) and 
Q2 (mg  g−1) are the adsorption capacity values of pseudo-first-order 

kinetic, and pseudo-second-order kinetic at the equilibrium moment, 
respectively; Qt (mg  g−1) is the adsorption capacity value at the time 
t; � (mg  g−1   min−1) and � (g  mg−1) are the adsorption rate and des-
orption rate constants, respectively; k1  (min−1) and k2 (g  mg−1  min−1) 
are the pseudo-first-order and pseudo-second-order rate constants, 
respectively; kB and �B are Bangham constants

Table 7  Thermodynamic modeling for chloramphenicol adsorption. Note that Tem.: temperature, ΔG°: standard Gibbs free energy, ΔH°: stand-
ard enthalpy, ΔS°: standard entropy

Adsorbent Thermodynamic parameters References

Temp (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol  K−1)

Potassium citrate-activated porous carbons at 900 °C 288  − 5.774 9.087 0.052 Dai et al. (2018c)
Porous carbons from potassium citrate pyrolyzed at 

850 °C
288  − 3.611 32.48 0.125 Tian et al. (2017)

Porous carbon pyrolyzed at 800 °C 298  − 6.2419 13.79 0.067 Chen et al. (2021)
Hierarchical porous carbons from sodium carboxym-

ethyl cellulose
308  − 6.335 7.121 0.044 Zhang et al. (2017)

Magnetic amine-doped hierarchical porous carbon 298  − 5.649 2.776 0.028 Dai et al. (2018b)
Bovine bone-based hierarchical porous carbon 308  − 6.748 0.02516 1.001 Dai et al. (2018a)
Shrimp shell-based hierarchical porous carbons 298 –6.447 0.0379 4.86 Qin et al. (2016)
KOH-activated carbon 323  − 5.298 17.558 0.07 Wu et al. (2018)
Commercial powdered activated carbon 298 2.031 28.74 0.0898 Zhang et al. (2021a, b, c, d)
Peanut shell–based porous biochar 303  − 2.519 0.03137 5.212 Yang et al. (2020a, b)
Metal–organic framework  Fe3O(BDC)3 298  − 2.8933  − 13.895  − 0.0369 Tran et al. (2019a, b, c)
Porous carbon from  Cu3(BTC)2 pyrolyzed at 700 °C 298  − 0.03  − 25.443  − 0.0685 Tran et al. (2019a, b, c)
Raw steel shavings 293  − 5.319  − 7.494  − 0.007 Tran et al. (2017)
Plasma-modified steel shavings 293  − 5.326  − 0.667 0.016 Tran et al. (2017)
Ordered mesoporous carbon–polyethylene glycol 303  − 9.01 49 0.12 Mohd et al. (2015)
Nanoscale zero-valent iron particles supported 

activated carbon
323  − 4.803 11.232 0.05 Wu et al. (2018)
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c, d) found a thermodynamically nonspontaneous process 
because ΔG◦ was higher than zero. Moreover, negative val-
ues of ΔS◦ were overwhelmingly dominant in some chloram-
phenicol adsorption systems using metal–organic framework 
and raw steel shavings (Tran et al. 2017, 2019a).

Desorption and regeneration

Desorption

Desorption is one of the important properties of adsorbents 
because it relates closely to the scalability of materials in 
practice (Luo et al. 2021). In contrast with the adsorption 
process, chloramphenicol molecules are released back from 
or through the surface of the adsorbent during desorption 
Yang et al. (2020a, b). In general, the efficiency of chlo-
ramphenicol desorption is highly dependent on the eluents. 
Based on Table 8, the solutions to elute chloramphenicol 
from the adsorbent can be divided into two categories 
involving organic eluents, e.g., methanol, and ethanol, and 
inorganic eluents, e.g., sodium hydroxide, and potassium 
hydroxide. For organic eluents, Ahmed et al. (2017c) used 
methanol as an efficient eluent for the desorption of chlo-
ramphenicol loaded on ortho-phosphoric acid-functional-
ized biochar. Indeed, this solvent can desorb 91%, 86%, and 
89.2% of chloramphenicol from deionized water, synthetic 
wastewater, and lake water, respectively. For organic eluents, 
Li et al. (2018) compared the chloramphenicol desorption 
efficiency using various eluents such as 0.1 M NaOH, 95% 
ethanol, 1.0 M NaCl, 0.01 M NaCl, and distilled water. The 
results indicated that chloramphenicol could be desorbed 
best up to 58.1% from Typha orientalis-derived activated 
carbon using 0.1 M NaOH. To improve the elution effi-
ciency, Ahammad et al. (2021) insightfully investigated the 
parameters affecting the desorption of chloramphenicol and 
selected the best eluent among water, ethanol, and NaCl. 
The authors found the strong effect of initial concentration 
and operating temperature on desorption efficiency. Accord-
ingly, 0.8 M NaCl was also suggested as the most appropri-
ate solvent to desorb 84.7% of chloramphenicol from algi-
nate beads-derived ordered mesoporous carbon. Another 
advantage of using an aqueous NaCl solution might be its 
inexpensiveness and safety compared with ethanol.

Regeneration

In general, reusable adsorbents boost economic efficiency, 
sustainability, as well as industrial-scale project develop-
ment (Ahammad et al. 2021). The regeneration study is to 
demonstrate the life cycle of adsorbents as well as their sta-
bility (Zhao et al. 2020). According to Table 8, the regenera-
tion number of almost adsorbents after the treatment of chlo-
ramphenicol is at least four cycles. Besides, the difference in 

chloramphenicol adsorption capacity between the first and 
last time is mostly below 20% for various adsorbents. In 
particular, Dai et al. (2018b) evidenced that the magnetic 
hierarchical porous carbon obtained an excellent reusability 
up to twenty times with an insignificant decrease of 18.9% 
in adsorption capacity in the last cycle. Tran et al. (2019a, 
b, c) suggested that a mixture of methanol and acetic acid 
with a respective volume ratio of 9:1 was the most suit-
able eluent for desorbing chloramphenicol from mesoporous 
carbon produced by pyrolysis of metal–organic framework 
 Fe3O(BDC)3, BDC: benzene–1,4–dicarboxylate. Indeed, the 
results indicated that chloramphenicol adsorption capacity 
of this adsorbent in the first time was 41.0 mg  g−1, com-
pared with 34.7 mg  g−1 of the fourth time, a minor decrease 
of around 15%. With the same mixed solvent system, Ma 
et al. (2020) reported that the chloramphenicol adsorption 
efficiency of porous molecularly imprinted polymers was 
inconsiderably declined by 11.42% after the eighth elution. 
In another work, Tian et al. (2017) showed that potassium 
citrate-activated–porous carbons were highly regenerative 
with five times during chloramphenicol treatment. Specifi-
cally, sodium hydroxide at a concentration of 0.2 M was 
suitable for desorbing chloramphenicol from the adsorbent. 
A negligible decrease in chloramphenicol adsorption capac-
ity from 490 mg  g−1 to 457 mg  g−1 was observed after fifth 
reuse. In summary, mentioned adsorbents offered good sta-
bility and reusability performance. However, future stud-
ies should specifically address the handling of eluents after 
reuse to better understand their environmental impacts.

Perspective

The state-of-the-art technologies for antibiotics treat-
ment from wastewater can encounter a number of poten-
tial obstacles and constraints. To fulfill the purposes of 
sustainable development, analysis and assessment of 
knowledge gaps are required. Firstly, comprehensive 
assessments on the specific toxicity of adsorbent mate-
rials during the decontamination of chloramphenicol in 
water are restricted. Numerous adsorbents can be degraded 
into hazardous compounds, leading secondary pollution. 
Secondly, various beneficial indicators, such as chemical 
oxygen demand and biochemical oxygen demand, provid-
ing the information on water quality after chlorampheni-
col treatment should be examined. Thirdly, most studies 
documented the treatment of chloramphenicol on a labo-
ratory scale, without large-scale or pilot surveys. Consid-
ering the practicalities of eliminating chloramphenicol 
and other antibiotic contaminants by scale-up process 
needs to be discussed. Fourth, the remediation of utilized 
adsorbents receives little post-adsorption attention. Inap-
propriate disposal of these used materials results in the 
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leakage of chloramphenicol contaminants into the aquatic 
system. Fifthly, decontamination of chloramphenicol in 
the presence of other impurities such as antibiotics, dyes, 
metal ions, inorganic and organic compounds should be 
evaluated extensively. This emphasizes the significance 

of simultaneous removal in achieving practical water puri-
fication. Sixthly, the evaluation of economic aspects of 
the total chloramphenicol treatment process has not been 
explicitly addressed in prior studies. The expense of adsor-
bents is worth considering since it is one of the leading 

Table 8  Chloramphenicol desorption and recyclability of various adsorbents. Note that DE: desorption efficiency, RE: removal efficiency,  1st 
cycle: first cycle,  nth cycle: nth cycle,  Qm: maximum adsorption capacity, a data estimated from the figures of the referred study

Adsorbent Eluent DE (%) RE (%) Qm (mg  g−1) Cycle number References

1st cycle nth cycle 1st cycle nth cycle

H3PO4-activated biochar 
at 600 °C

Methanol 91.0 97 a 100 a 6 Ahmed et al. (2017b)

Typha orientalis-based 
activated carbon

0.1 M NaOH 58.1 – – – – – Li et al. (2018)

Ordered mesoporous 
carbon–alginate beads

0.8 M NaCl 84.7 76.02 35.20 – – 5 Ahammad et al. (2021)

Potassium citrate-acti-
vated porous carbons 
at 900 °C

0.1 M KOH – – – 550 a 486,29 a 5 Dai et al. (2018c)

Porous carbons from 
potassium citrate pyro-
lyzed at 850 °C

0.2 M NaOH – – – 490 a 457 a 5 Tian et al. (2017)

Bovine bone-based 
hierarchical porous 
carbon

1% KOH aqueous solu-
tion

– 92 a 82 a – – 4 Dai et al. (2018a)

Hierarchical porous 
carbons from sodium 
carboxymethyl cel-
lulose

0.2 M NaOH – – – 685 a 559.8 5 Zhang et al. (2017)

Shrimp shell-based 
hierarchical porous 
carbons

0.2 M NaOH – 95 a 83 a – – 3 Qin et al. (2016)

Magnetic amine-doped 
hierarchical porous 
carbon

0.2 M KOH – – – 445 a 360 a 20 Dai et al. (2018b)

Peanut shell-based 
porous biochar

Methanol – 95 a 91 a – – 4 Yang et al. (2020a, b)

Core–shell molecularly 
imprinted polymers 
based on magnetic 
chitosan

Methanol/acetic acid 
(9:1)

– – – 12.76 a 12.02 a 8 Ma et al. (2015)

Porous molecularly 
imprinted polymer 
halloysite nanotube

Methanol/acetic acid 
(9:1)

– – – 17.77 a 15.74 a 8 Ma et al. (2020)

Core–shell surface 
imprinted nano-
spheres–magnetic 
mesoporous nanosilica

Methanol and acetic 
acid (9:1)

– – – 10.8 9.98 6 Dai et al. (2016)

Fe3O4-supported bovine 
serum albumin

Ethanol – 97 a 96 a – – 6 Zhang et al. (2013)

Porous carbon from 
 Cu3(BTC)2 pyrolyzed 
at 700 °C

Methanol/acetic acid 
(9:1)

– – – 41 34.7 4 Tran et al. (2019a, b, c)

Nanoscale zero-valent 
iron particles sup-
ported activated 
carbon

Alcohol – – – 545.25 33.665 4 Wu et al. (2018)
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selection factors to tackle the chloramphenicol pollution 
issue. To sum up, these are inherent shortcomings that 
previous researches have still confronted.

In terms of perspective aspects, design and development 
of innovative adsorbents are auspicious for environmen-
tal remediation against chloramphenicol and other antibi-
otic contaminants. Adsorbents have been implemented to 
ensure large specific pore and surface areas, e.g., porous 
carbon, composites, metal–organic frameworks, and poly-
mers with high adsorption efficiency for chloramphenicol. 
In particular, the advancement of adsorbents originated 
from wastes and biomass, e.g., agricultural wastes, flo-
ral wastes, food wastes, grape sludge, and shrimp shells 
as value-added products has lately contributed greatly 
to tackling such both pollution threats. These immense 
potentials not only save production costs but also improve 
antibiotic adsorption performance. It is therefore impor-
tant to conduct more investigations of taking advantage 
of wastes as raw materials for adsorbent production. 
Moreover, several recommendations for enhancing chlo-
ramphenicol treatment efficiency while reusing adsorbents 
can be offered. For example, to maximize the total removal 
efficiency, integrated strategies including adsorption-catal-
ysis, adsorption-membrane, adsorption-oxidation, adsorp-
tion-ionic exchange should be considered. To mitigate the 
used adsorbents, some post-treatment technologies such as 
impregnation in fast-setting polymers, concrete mixes, and 
geopolymerisation in alumina-silicates, and so forth can 
be employed, but they must be evaluated initially. Eventu-
ally, it is necessary to issue precise regulations governing 
the use of chloramphenicol and other antibiotics in the 
communities.

Conclusion

Summarily, we provided a comprehensive overview of 
contamination, toxicity, treatment techniques of chlo-
ramphenicol in aquatic environments. The distribution 
of chloramphenicol is typically centered in the rivers in 
developing countries. The toxicity of chloramphenicol to 
creatures and humans has been evaluated. Carbon-based 
adsorbents were revealed as promising materials to adsorb 
chloramphenicol. Among the influential factors, pH played 
a key role in regulating chloramphenicol adsorption. Elec-
tron–donor–acceptor was the most prevalent mechanism 
for chloramphenicol adsorption. Langmuir and pseudo-
second-order models were best fitted with the adsorption 
process. Among eluents, NaOH and methanol were the 
most commonly utilized solvents for desorbing chlo-
ramphenicol from adsorbents. Almost all materials were 
reported having high recyclability, at least 4 cycles. This 

review is anticipated to pave the way for the synthesis of 
benign novel adsorbents for eliminating antibiotics from 
water.
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