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Abstract 

Over the past decade, pharmaceuticals have emerged as a significant class of environmental contaminants due 
to their adverse impacts on natural ecosystems. The removal of pharmaceuticals from aquatic environments, soils, 
and wastewater treatment systems using techniques such as adsorption, advanced oxidation, biological degradation, 
and membrane filtration has been widely investigated. Among these approaches, adsorption attracted consider-
able attention due to its simplicity, high removal efficiency, and low energy requirements. Date palm waste biomass 
is abundant biomass source what makes it a promising precursor for biochar and activated carbon adsorbents 
production for water treatment. This review critically evaluate the impact of the different date palm components, 
pyrolysis conditions, and activation methods on biochar properties and its performance as an adsorbent of emerging 
contaminates, particularly pharmaceuticals, from wastewater. Moderate pyrolysis temperatures (400–600 °C) found 
to generally enhance adsorption performance, while higher temperatures (≥ 700 °C) increase surface area but reduce 
surface polarity and affinity towards polar pharmaceuticals. Moreover, chemically activated biochars (H3PO4, KOH, 
or ZnCl2) exhibit an improved porosity and adsorption capacities, reaching 400 mg/g, that is comparable to com-
mercial activated carbons. In contrast, physical activation (steam, CO2) is a more environmentally friendly approach 
that relatively increases surface area and pore volume, but shows limited improvement in adsorption capacity. 
Despite these advances in the literature, the relationship between specific date palm feedstock and adsorption per-
formance remains insufficiently explored, highlighting the need for systematic comparative studies.

Keywords  Agro-waste, Date palm, Biochar, Circular economy, Wastewater

Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Environmental Sciences Europe 

*Correspondence:
Khouloud Jlassi
khouloud.jlassi@qu.edu.qa
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-026-01333-8&domain=pdf


Page 2 of 25Abdelaal et al. Environmental Sciences Europe           (2026) 38:59 

Introduction
Emerging contaminants (ECs) encompass a various set 
of compounds causing global concern because of their 
potential to significantly threaten human health and the 
aquatic ecosystems. Despite being widely detected in 
water sources and sediments [1], most ECs are unregu-
lated [2] and the conventional wastewater treatment 
processes cannot completely remove them [3]. Typical 
ECs include pharmaceuticals and personal care prod-
ucts (PPCPs), pesticides, detergents, plastics, food addi-
tives, and packaging [4]. They also include Per- and 
polyfluoroalkyl substances (PFAS), flame retardants, and 
surfactants [5]. ECs are known to have low or total resist-
ance to biological degradation making them persistence 
in the environment [4].

Pharmaceuticals are an essential aspect of the human’s 
health that is witnessing a growing consumption in the 
past years. Patient use of medicines increased by 14% 
over the past five years due to the increased access to 

medicine in various regions around the world [6]. Active 
Pharmaceutical Ingredients (APIs) such as nonsteroidal 
anti-inflammatory drugs (NSAIDs), antibiotics, and anti-
convulsants can be released into the natural environment 
at different stages of its lifecycle (manufacturing, use, and 
disposal) through multiple routes including the phar-
maceutical industry, hospital streams, and agricultural 
wastes (animal husbandry) [1, 7]. For instance, excess 
pharmaceutical ingredients are excreted from the human 
body either as the parent drug or as a range of metabo-
lites [8]. Pharmaceuticals were detected in both surface 
water and groundwater [9–14]. According to a recent 
global-scale study conducted between 2018 and 2019 
in 104 countries, at least one out of 61 studied active 
pharmaceutical ingredients were above the safe concen-
trations for aquatic organisms in 25.7% of the sampled 
sites (1052 in 258 rivers) [14]. The contaminants with 
the highest concentrations were paracetamol, caffeine, 
metformin [14]. Pharmaceuticals released to the aquatic 
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environment could lead to toxic effects in non-target ani-
mal species such as genotoxicity, endocrine disruption, 
locomotive disorders, reproduction disorders [15].

In addition to conventional domestic wastewater treat-
ment, adsorption, advanced oxidation, biological degra-
dation, and membrane filtration are utilized in removing 
pharmaceuticals from wastewater [16]. Adsorption is 
simple, effective, and low energy solution for removing 
contaminants from water [17, 18]. Diverse adsorbents 
can be used in water treatment applications such as metal 
oxides [19], zeolites [20], carbonaceous materials [21, 22] 
and metal organic frameworks (MOFs) [23]. Adsorption 
with activated carbon (AC) is an effective wastewater 
treatment option [24]. However, it has a high cost and 
a negative environmental impacts especially when pro-
duced from nonrenewable source such as coal [18, 25]. 
Producing AC from locally sourced sustainable biomass 
could have environmental and economic advantages [26]. 
Agricultural and wood by-products, particularly waste 
materials, are attractive precursors for AC production 
as they have little to no economic value. Coal-derived 
activated carbon typically ranges from $1.50 to $2.50 
per kilogram, depending on the region and production 
scale [27]. On the other hand, AC from agricultural waste 

could cost as low as $0.26 per Kg[28]. Many raw and 
modified biological residues have demonstrated good 
performance in removing ECs [29]. Date palm waste 
(DPW) has been explored as an AC precursor for mul-
tiple wastewater treatment applications as shown in the 
following Fig. 1.

Recently, date palm trees (DPT) and date palm fib-
ers (DPF) attracted a global interest. The MENA region 
accounts for almost 90% of the worldwide production 
of date palm [30]. Date palm tree has several species 
ranging from 1000 to 2600 species [31, 32]. The Pal-
mae or (Arecaceae) family of date palm tree is widely 
cultivated in the MENA region specifically Phoenix 
dactylifera L. species. It is the most cultivated species 
in tropical and sub-tropical areas. The life cycle of the 
date palm Phoenix dactylifera species involves sev-
eral stages, starting with germination, where seeds are 
soaked and planted in well-draining soil, or through 
propagation using offshoots [33]. While viable fruiting 
begins at 6 to 10 years, date palms reach full production 
between 15 and 20  years and exhibit remarkable lon-
gevity, often exceeding several decades or even a cen-
tury. In some studies, it was reported that a date palm 
tree can live for more than 100  years and can reach 
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Fig. 1  Number of published articles on date palm waste biochar for water treatment (2016–2024). Data obtained from Scopus
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150 years, while the average lifespan of productivity of 
a date palm tree falls between 40 and 50  years. Thus, 
DPT became part of the local ecosystem [34]. The date 
palm fruit can be transformed into a variety of products 
that enrich everyday life from syrups, date powder or 
alcohol while other DPT fibrous products can be used 
in boats and building roof tops as well as manufactur-
ing papers [30]. UAE, Saudi Arabia, and Algeria ranks 
among the top three countries in terms of the number 
of trees cultivated, respectively [30–32]. With palm cul-
tivation, agricultural waste is produced. The different 
parts of the date palm tree that could be considered a 
waste material with minimal to no economic value are 
shown in Fig. 2. Around 2.6 to 2.8 million tons of DPW 
are produced annually [32]. The availability, ease of seg-
regation, lignocellulosic composition (rich in lignin), 
and proximate composition (low moisture content and 
moderate volatile matter content) indicate that certain 
DPT waste fractions are promising precursors for AC. 
As illustrated in Fig. 1, DPW based AC was mainly uti-
lized in heavy metals or dyes removal [35–39], while its 
use for the removal of emerging contaminates remain 
largely under-investigated.

This literature review provides a comprehensive analy-
sis of the removal of ECs from wastewater using porous 
carbon materials such as AC and biochar derived from 
DPW. It covers the findings from studies published 
between 2016 and 2025 in Google Scholar, ScienceDirect, 
and Scopus. This review examines the intrinsic proper-
ties of DPW parts, the characteristics of pristine biochar 
properties, modification pathways and their influence 
on adsorption performance. It also addresses the cur-
rent challenges and outlines future research directions 
for implementing DPW in water treatment applications. 
Moreover, it will contribute to the development of more 
efficient and sustainable solutions for pharmaceutical 
pollutant removal. To the best of the authors’ knowledge, 
this is the first review focused on DPW biochar for the 
removal of ECs from water.

Date palm waste
Organic solid waste offers significant economic and envi-
ronmental advantages when approached from a circu-
lar economy perspective [40].  Every harvest of the date 
palm fruit results in agricultural waste consisting of vari-
ous parts of the DPT. It was reported that the estimated 

Fig. 2  Date palm tree waste parts
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annual waste of a single date palm tree varies from 20 to 
35  kg (dry weight). Single DPT waste and MENA aver-
age of DPT waste produced annually are presented in 
Fig. 3. They are estimated to be around 2.6 to 2.8 million 
tons [32]. The abundance of DPT fibrous waste ensures 
its availability as a renewable source of raw biomass for 
various applications. Date Palm Fibers (DPF) can be 
employed in several applications because it’s ecofriendly 
to grow and acquire, renewable, abundant in nature and 
inexpensive [41].

To utilize DPW, a good understanding of its proper-
ties is essential to recognize its limitations and strengths. 
The chemical properties of DPW are directly correlated 
to some of its physical and mechanical properties [32]. 
Each part of the DPT has a similar chemical composi-
tion with varying percentages. Cellulose, hemicelluloses, 
lignin as well as proximate and ultimate analyses results 
of multiple DPW parts can be found in Table 1. Cellulose 
makes up most of the fibrous content as shown in Fig. 4. 
This richness in cellulose is responsible for the strength 

Fig. 3  Single tree waste produced annually, and MENA average of tree waste produced annually, by part. Based on data from [31, 33, 36]

Table 1  physiochemical properties of DPW parts

DPW part C H N S O VM FC Ash Cellulose Hemicellulose Lignin References

Sheath fiber 33.45 3.85 0.97 0.37 59.20 75.23 22.61 2.16 [37]

Sheath fiber 33.42 3.85 0.97 0.37 59.24 75.30 22.63 2.15 [38]

Sheath fiber 47.84 6.15 0.23 45.78 86.57 10.53 2.90 47.50 12.64 39.86 [39]

Sheath 78.13 7.73 43.50 24.00 18.00 [36]

Frond 41.90 5.80 0.20 52.10 [40]

Leaf stalk 73.05 12.60 35.00 15.40 20.13 [36]

Frond base 40.48 5.63 0.28 53.61 76.56 13.63 9.81 43.05 31.34 25.61 [39]

Frond midrib 45.65 5.95 0.27 48.13 82.28 14.15 3.56 45.16 28.16 26.68 [39]

Leaflets 46.50 5.69 0.66 47.15 74.29 10.51 15.20 47.14 16.13 36.73 [39]

Leaf 31.20 4.50 0.60 63.70 [40]

Empty fruit bunch 45.58 6.03 0.26 48.13 87.48 10.75 1.78 44.40 24.30 31.30 [39]

Fruit bunch stalk 84.11 1.85 44.00 26.00 11.45 [36]

Trunk 44.46 5.75 0.55 49.24 78.53 17.61 3.86 39.37 30.31 30.32 [39]

Trunk 79.00 3.67 40.00 9.75 29.48 [36]

Stones/seeds 47.14 6.63 0.90 45.33 83.33 14.94 1.40 32.77 30.20 37.03 [39]

Seeds 47.15 7.52 0.82 44.51 78.50 9.20 8.20 33.10 24.3 22.60 [41]
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and stiffness of date palm fibrous waste as well as its sta-
bility [32]. Furthermore, cellulose has strong resistance 
to hydrolysis and to oxidation agents. DPF are generally 
hydrophobic due to the presence of hemicelluloses and 
lignin [31, 32].

The light density of certain DPW makes a promising 
reinforcement material in composites materials manufac-
turing for aerospace and automotive industries [32, 42]. 
Moreover, midribs, trunk and frond base were utilized in 
creating thermoplastic composites with better mechani-
cal properties than pure High-Density Poly Ethylene 
(HDPE) [32, 42]. Historically, the medium to hard wood 
nature of date palm trunk turned it useful in vernacular 
building [43]. Aside, midribs fibers could be implemented 
in paper industry due the low fiber aspect ratio value of 
40, water retention value of 138 (w/w on o.d. pulp) and 
high cellulosic content [30].

DPW were utilized in a wide range of applications as 
summarized in Table  2. Limited studies on raw DPW 
biomass utilization in water treatment applications 
can be found in the literature. The significant potential 
DPW has in water treatment is through its conversion 
into biochar and activated carbon. These materials have 
low carbon footprint, low cost and exhibit improved 
absorption properties compared to pristine bio-
mass and other carbon based materials, making them 

effective for removing pollutants such as dyes, heavy 
metals [44, 45], pharmaceuticals [46–48], pesticides 
[49–51], and organic compounds [52–54] from waste-
water. The production of biochar is generally through 
the pyrolysis of DPW, at controlled temperatures rang-
ing between 250 and 700 °C under inert or low oxygen 
environments. Optimizing the pyrolysis conditions 
affects the surface area, pore size, and adsorption effi-
ciency of the produced biochar. Moreover, date palm 
based biochar, have high surface area and pore size and 
functional groups rich in carbon and oxygen, resulting 
in cost-effective high-performance adsorbent [55–57]. 
Thus, DPW not only contributes to food and materials 
but also to a sustainable solution for water treatment. 
A recent economic analysis of AC produced from DPW 
and wood waste showed an average production cost of 
$1.06 per Kg and $1.34 per Kg, respectively [58]. More-
over, DPW AC production resulted in a GHG emission 
of 1.53 kg CO2eq/kg compared to 8.96 kg CO2eq/kg for 
wood waste AC [58].

Raw DPW is not widely utilized in the ECs removal. 
Kumar et al. (2023) used raw DPF for the removal of phe-
nol from aqueous solution [56]. The raw but ball milled 
adsorbent achieved a Langmuir adsorption capacity of 
45.62  mg/g. In comparison, the adsorption capacity of 
some raw agricultural waste is shown in Fig. 5.
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Date palm waste biochar
Pristine biochar
Various valorization pathways exist for the utiliza-
tion of DPW, among which, biochar production via 
pyrolysis received significant attention. Biochar is a 

carbon-rich material produced through biomass ther-
mal decomposition in the absence or limited oxygen 
environment. Pristine or unmodified date palm bio-
char was implemented in ECs removal in multiple 
studies [60, 61]. Biomass type and pyrolysis conditions 

Table 2  DPW parts, their main advantages, and applications

DPW Part Properties Applications Ref

Date By-product (Fruit) High carbohydrates content
Vitamins
Dietary fiber
Phenolic compounds

Date Juice,
Concentration: Syrup
Fermentation: wine, vinegar
Composting
Biofuel
Date pit oil
Phenolic compound extraction

[58, 59]

Leaves (Leaflets, And Frond Fibers) Lignocellulosic
Low thermal conductivity
Low water absorption
Low density

Adsorbent and biochar
Biofuel: Ethanol
Roofing
Insulating panels

[38, 59]

Seeds/Stones High lignocellulose and oil content Cooking oil
Green diesel: bio-jet fuel
Cosmetic formulation
Adsorbent

[55–57]

Midrib/Trunk Low density fibers
High cellulosic fiber content
High thermal stability
Relatively lightweight

Manufacturing papers
Adsorbent
Gypsum board reinforcement
Particleboard
Furniture and crafts
Fuel

[30, 43, 55–57]

Mesh, Spadix Stem Low density fibers
High thermal stability
Hydrophilic

Develop natural fiber composites (nfc)
Aerospace and automotive industries

[32, 42]

Fig. 5  Adsorption capacity of some raw agro-industrial residues in the ECs removal [29] (Reused with permission from Elsiver)
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were found to strongly influence the biochar proper-
ties as shown in Table  3. Generally, an increase in 
biochar pH and surface basicity is associated with 
increasing pyrolysis temperature [62]. The functional 
groups of date palm biochar samples decreased with 
the increasing pyrolysis temperature as shown in The 
FTIR analysis in Fig.  6. Moreover, it was found that 
the carbon and ash content increase while H, N, and O 
content decrease of all biochar samples with increas-
ing pyrolysis temperature [63]. The molar ratios H/C, 
O/C, and (O + N)/C were found to sharply decrease 
with increasing pyrolysis temperature. Decreasing 
in (O/C) and the ((O + N)/C) ratios means surface is 
becoming more hydrophobic and a reduction in polar 
functional groups, respectively [64]. The utilization of 
pristine date palm biochar in ECs removal is discussed 
in the applications sections.

Activated/modified biochar
Biochar usually exhibits unsatisfactory properties due 
to the moderate surface function and pore structures 
after the initial thermochemical process. Therefore, the 
properties of biochar need to be elevated extremely via 
activation strategy. The activated biochar shows abun-
dant surface functional groups and outstanding specific 
surface area with satisfying adsorption capacity result-
ing in it being applied as an adsorbent or catalyst car-
rier. Biochar activation methods are mainly divided into 
physical activation and chemical activation as shown in 
Fig. 7. Physical activation involves using oxidizing gases, 
microwaves, and ultrasonic waves. Chemical activation 
comprises the utilization of acids, alkalis and transition 
metal salts, and these activators are usually dehydrat-
ing agents, such as hydrochloric acid (HCl), phosphoric 
acid (H3PO4), nitric acid (HNO3), sulfuric acid (H2SO4), 
hydrogen peroxide (H2O2), sodium hydroxide (NaOH), 
potassium hydroxide (KOH), potassium carbonate 

Table 3  Characteristics of date palm biochars produced at different temperatures using multiple date palm parts

DPW Part Temperature Holding time Heating rate Yield C H N S O Ash BET References

°C h C/min % % % % % m2/g

Leaf 400 4 8 47.8 3.0 0.6 0 48.6 3.5 [65]

500 49.2 2.1 0.6 0 48.1 152

600 57.7 1.0 0.6 0 29.1 289

Frond 400 46.9 3.5 0.1 0 49.8 3.8

500 50.9 3.0 0.1 0 45.6 152

600 66.7 2.3 0.1 0 30.9 246

Not specified 300 2 10 43 63.65 3.82 1.01 0.63 18.78 12.74 2.0 [63]

400 38 64.95 2.96 0.89 0.53 17.04 14.16 5.5

500 35 70.75 2.33 0.86 0.89 9.85 16.21 123.6

600 33 74.76 1.60 0.71 0.75 7.13 17.8 221.2

700 32 72.76 0.90 0.65 0.79 5.32 18.37 249.1

Leaves, branches 
and stem barks

300 4 5 49.97 57.99 4.08 0.54 2.14 14.42 [62]

400 36.54 66.87 3.54 0.45 1.36 16.34

500 32.38 72.3 2.11 0.42 1.02 19.68

600 30.88 72.89 1.74 0.39 0.98 20.71

700 28.84 73.42 1.14 0.35 0.85 21.05

800 27.4 74.63 0.86 0.31 0.54 21.39

Seeds 400 88.96 10.28 [66]

600 94.69 4.66

800 97.99 0.70

1000 93.88 4.75

Leaflets 400 3 5 61.55 3.45 2.06 13.37 5.57 [61]

600 64.13 2.20 1.95 4.67 18.72

800 65.48 0.91 1.90 4.12 70.38

Fronds and rachis 300 4 10 44.66 3.75 36.55 0.32 14.72 [67]

450 43.86 2.34 36.55 0.07 17.18

600 43.36 3.09 41.85 0.11 11.59
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(K2CO3), zinc chloride (ZnCl2), iron (II) chloride (FeCl2), 
and iron (III) chloride (FeCl3). Based on the physical 
properties of the activator, there are mainly two meth-
ods to mix the activator and biomass: physical mix of the 
activator and biomass in dry conditions, and impregna-
tion [68]. Also, some studies reported a combination of 
activation methods to improve the properties of biochar 
for its different applications such as microwave- or ultra-
sound-assisted pyrolysis. These activation methods are 
discussed in later sections.

Physical activation
Physical activation involves gaseous activation such as 
steam, carbon dioxide (CO2), ozone (O3), nitrogen (N2) 
or air mixtures, microwave activation, and ultrasonic 
activation. Physical activation is a simpler and more eco-
nomical process than chemical activation, which is con-
sidered a relatively green method due to it avoids using 
chemicals and the requirement to remove activators or 
their derivatives after activation [69].

Fig. 6  Fourier-transform infrared spectroscopy (FTIR) of biochar samples [63]

Fig. 7  Activation methods of biochar
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Gaseous activation  Gaseous activation has been com-
mercialized, and it is normally processed by a two-step 
procedure. In the first step, the carbonization happens 
at a relatively low temperature between 700 and 1150 K 
in a neutral gas atmosphere and subsequently a higher 
temperature (900–1200 K) is applied to the activation of 
carbonized biochar in an oxidizing gases atmosphere [70, 
71]. This approach produces porous biochar with high 
micropore porosity and good physical power [72]. How-
ever, the long activation time causing high energy con-
sumption is the main disadvantage to the physical activa-
tion process [73]. Shoaib and Al-Swaidan [74] performed 
physical activation on date palm fronds at 800  K under 
the CO2 flow and the obtained biochar has a high surface 
area (1094 m2/g) despite the relatively moderate activa-
tion temperature used. In another study, date palm peti-
oles biochar with micropores can be prepared by physical 
activation with CO2 at 900 °C and have a BET specific sur-
face area of 546 m2/g [75].

Microwave activation  Microwaves are non-ionizing 
electromagnetic waves with frequencies ranging from 
300 MHz to 300 GHz and wavelengths between 1 and 1 
mm. The heating process using microwave radiation is an 
endothermic reaction driven by two mechanisms: dipole 
rotation and ionic conduction. Compared to traditional 
thermal activation, microwave heating enhances effec-
tively the yield and quality of biochar owing to its rapid, 
systematic and uniform heating performance [76]. Hence, 
it is considered as a clean and qualified activation path-
way in an increase of pore structure of biochar [77]. The 
biochar undergoes a longer microwave activation dura-
tion (25–30  min) at low power (200–350 W), whereas 
activation at high power (600–1200 W) is performed 
in a shorter time, 2–7  min. The surface area, total pore 
volume, mesopores, and micropores generally decrease 
when these parameters deviate from the normal range 
[78]. Microwave activation is frequently applied in combi-
nation with physical or chemical activation, called micro-
wave-assisted activation, because it can internal and volu-
metric heating resulting in variations in pore structures 
and surface areas, compared to conventional heating [79]. 
In a study conducted by Hijab et al., date palm stone bio-
char with a higher BET surface area (1123 m2/g) and total 
pore volume (0.72 cm3/g) was prepared via microwave-
heated and has a high adsorption capacity of 98 mg/g in 
removing malachite green [80].

Ultrasound activation  Ultrasound or ultrasonic wave 
is a wave with frequencies exceeding 20  kHz, which is 
beyond the audible limit of human hearing. They can be 
classified as low-intensity ultrasound above 100 kHz and 
intensity below 1 W/cm2 and high-intensity ultrasound 

between 20 and 500 kHz and above 1 W/cm2. The ultra-
sonic wave induces compression and rarefaction of parti-
cles to form bubbles in the material. This creates an explo-
sion phenomenon of bubbles owing to the temperature 
and pressure increase within the bubbles, called acoustic 
cavitation. The cavitation effect occurs conveniently at 
the low ultrasonic frequency range leading to the explo-
sion of bubbles resulting in better pore generation. At the 
same time, the action can remove diverse minerals such 
as Mg, Na, Fe, and Al from the biochar matrix increasing 
the internal area of biochar, and fractures the structure 
of graphitic oxide layers of biochar boosting the biochar’s 
porosity [81–83].

Chemical activation
Chemical activation, known as wet oxidation, is com-
monly applied to biomass resources rich in cellulose, 
including nut shells, wood, and sawdust, where precur-
sors are activated with activators at high temperatures 
to produce biochar [73, 84]. Chemical activation agents 
are usually dehydrating and highly polar agents and pen-
etrate precursor structures to influence pyrolytic decom-
position by inhibiting the formation of bitumen, changing 
the thermal degradation of precursors, and removing the 
blockage in the pores, resulting in the development of 
the porous structure of biochar [85, 86]. Various types 
of chemicals have different interaction with precursors 
and thus affect the properties of biochar, mainly in the 
pore structures of biochar. KOH expands micropores 
into more heterogeneous microporous structures, ZnCl2 
promotes the formation of wide micropores and limited 
mesopores, while H3PO4 favors the development of large 
mesopores and macropores. Additionally, some chemical 
activators (e.g., KOH, NaOH and ZnCl2) can react with 
biochar matrices and release gas, such as CO, CO2, H2, to 
create a porous structure at high temperatures, as shown 
in reactions (1)–(10) [86].

Chemical activation is a one- or two-step procedure 
that involves activating a precursor directly or activat-
ing biochar carbonized to modify the surface functional 
group and develop the pore structure of biochar by add-
ing acids, alkalis, or transition metal salts [73]. In the 
one-step process, the raw biomass is submerged with 
chemicals and then the mixture is pyrolyzed straightly at 
temperatures ranging from 400 to 900 °C, at which cel-
lulose is degraded and converted into a carbon matrix. In 
the two-stage process, firstly, the dried precursors such as 
wood and coal will be initially carbonized at high temper-
atures of less than 700 °C to evaporate the hydrocarbons 
from biomass in an oxygen-deficient atmosphere, called 
carbonization. Then the biochar produced in the car-
bonization process is activated with different activating 
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agents to develop porosity further similar to the one-step 
process [73, 87].

Compared to physical activation, chemical activation 
has a short activation time, relatively low activation tem-
perature and a simple operating process, significantly, 
it appreciably enhances the pore structure and specific 
surface area of biochar improving the possibility of more 
active sites being created [88, 89]. The porous structure 
materials are excellent carriers or supporters of catalysts. 
Therefore, chemically activated biochar is encouraged to 
be explored and it is a promising research direction.

Acid activation  Acid treatment is widely applied to 
modify the surface chemical properties of biochar for 
catalytic applications. This process utilizes acids such as 
HCl, H3PO4, HNO3, H2SO4, and H2O2 etc., to enhance the 
characteristics of biochar. Among these, H3PO4 and HCl 
are used more frequently. A table summarizing acid acti-
vation of date palm was presented on Table 4.

H3PO4 is a dehydrated and high-polarity chemical. 
It dehydrates the biomass forming black particles dur-
ing the impregnation stage and the pores are gener-
ated on the carbon matrix due to the evaporation of 
H3PO4 in the activation process [93]. H3PO4 treatment 
is regarded as a more effective method for adsorbing 
organic molecules like dyes, which have larger molecu-
lar sizes and require larger mesopores [94]. Sedef et al. 
prepared H3PO4-activated date palm frond biochar 
and obtained the biochar exhibiting lower adsorption 
capacities (32 mg/g) for malachite green than raw bio-
char (334 mg/g) according to Langmuir isotherm. This 
is because activated date palm frond biochar exhibited 
an H-type Giles adsorption isotherm, which means 
that the there is a weak affinity between adsorbate and 
adsorbent formed by Van Der Waals forces [95, 96]. 
Kolawole et  al. observed a single-layer formation of 
methylene blue adsorption in H3PO4-activated date 
palm pit biochar [97]. Lafta et  al. also used H3PO4 to 
activate the date palm seed, and the SEM images of the 
biochar showed an irregular pore shape with hetero-
geneous morphology on its surface [98]. Mohammad 
et al. prepared the date palm bark biochar via the ther-
mal decomposition method combined with chemical 

activation using H3PO4 and the obtained biochar 
showed high values for specific surface area and iodine 
number corresponded to 902 m2/g and 983 mg/g. The 
prepared biochar also showed impressive removal effi-
ciency for arsenic (99%), methylene blue (99%), methyl 
orange (98%), and quercetin (95%) owing to its great 
surface area and acidic functional groups on its surface 
[99].

HCl, a strong acid, roughens the biochar surface and 
reacts with impurities in biochar to open pores, result-
ing in more uniformly arranged mesopores that play a 
crucial role in catalytic functions. Higher HCl concen-
tration and longer activation time will remove more 
impurities by opening more pores, resulting in a larger 
surface area. Jamal et al. prepared date palm frond bio-
char modified through HCl and obtained the biochar 
exhibiting a better adsorption capacity (71.5 mg/g) for 
ibuprofen than pristine biochar (65.7  mg/g) because 
acidic substances optimize the pore distribution and 
increase the polarity of the biochar [48, 100].

Alkali activation  Alkaline treatment is commonly used 
to significantly improve the textural properties, functional 
groups (mainly hydroxyl groups, -OH), and basic surface 
through metal ion precipitation of biochar. Additionally, 
the corrosivity of a base solution can be reduced by treat-
ing alkaline-activated biochar with metal cations, forming 
a hydroxide coating on its surface [101]. Alkali activation 
utilizes strong bases like NaOH and KOH to noticeably 
modify the characteristics of biochar. Table 5 summarize 
alkali activation for date palm.

KOH is a prominent chemical activator extensively 
used to develop activated biochar with elevated surface 
area and complex network of pores, suggesting improved 
porosity and higher content of functional groups employ-
ing them in numerous functionalities. During the 
impregnation and activation stage, KOH dissolves con-
densed organic substances in biomass, such as lignin and 
celluloses, and breaks the C–O–C and C–C bonds in 
hydrochar [106]. As a result, KOH is reduced to metallic 
potassium (K), hydrogen gas (H2), and sodium carbonate 
(K2CO3), as described in reactions (1)-(3) [107],

Table 4  Comparison of the specific surface area and adsorption capacity of date palm waste activated with acids

Activator Precursor Pyrolysis temperature 
(°C)

Surface area 
(m2/g)

Adsorbate Qmax (mg/g) References

H3PO4 Date barks 400 902 Iodine 983.3 [87]

Date stones 450 Ibuprofen 33.3 [90]

550 727 126.0 [91]

700 342 11.2 [92]
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Additionally, the catalytic activities involved in crack-
ing and reforming processes depend on the availability of 
inorganic minerals on the char surface, and treatment with 
potassium hydroxide enhances potassium compounds on 
the surface of biochar, leading to an exhibition of excel-
lent catalytic action [108]. A study performed by Daoud 
et  al. revealed that date palm rachis biochar activated by 
KOH showed a good adsorption capacity (128.2 mg/g) in 
removing Bezaktiv Red S-Max dye due to KOH created 
more basic functional groups on the surface of biochar 
[109]. Date palm fiber biochar was produced via KOH acti-
vation by Basheer et al. The resulting biochar succeeded in 
adsorbing 9.96 mg/g of Al3+ [110].

NaOH is a chemical activating agent with several advan-
tages over KOH, such as having a lower environmental 
footprint, cost, and corrosivity. However, NaOH could be 
corrosive to glass at high temperatures and even denature 
the plastic container. Treatment with NaOH removes the 
impurities and can introduce the inorganic sodium mineral 
groups on the biochar surface. Also, they are employed to 
support the metal catalysts more uniformly with a higher 
crystallinity [111]. The NaOH activation processes are sim-
ilar to KOH. Gaseous Na, H2, CO2, and CO are generated, 
and Na+ can enter the material bringing about numerous 
pores on the biochar matrix during the thermochemical 
procedure. The NaOH activation mechanism is as follows, 
Eqs. (4)-(6) [112].

Khadhri et al. prepared NaOH-activated date palm pet-
iole biochar with 53.7 mg/g adsorption capacity of indigo 

(1)KOH + C → K2CO3 + K2O + 2 H2

(2)K2CO3 + 2 C → 2K + 3 CO

(3)K2O+ 2 C → 2K+ CO

(4)6NaOH+ 2C → 2Na+ 2Na2CO3 + 3H2

(5)Na2CO3 → Na2O+ CO2

(6)2Na+ CO2 → Na2O+ CO

carmine [113]. A similar result was found in the study 
carried out by Islam et  al. where palm date seed bio-
char activated by NaOH exhibited an adsorption capac-
ity of 612.1 mg/g in removing methylene blue dye [104]. 
Jamal et al. synthesized date palm frond biochar modified 
through NaOH and obtained the biochar showing a bet-
ter ibuprofen adsorption capacity (67.8 mg/g) compared 
to pristine biochar (65.7  mg/g) because alkaline sub-
stances increase surface physical and chemical properties 
of the biochar like acid [48].

Transition metal salts  Transition metal salts, such as 
ZnCl2, FeCl2, and FeCl3, are also applied to activate bio-
char. Especially, ZnCl2 is the most used. ZnCl2 acts as a 
Lewis acid and can break down cellulose molecules cre-
ating different-sized pores in the biochar matrix during 
the pyrolysis process [114]. As a dehydrating agent, ZnCl2 
promotes carbonization and aromatization of the carbon 
skeleton and the formation of hydrogen in the precursor, 
facilitating pore formation in the material structure [115]. 
ZnCl2 has a relatively low melting point (263 °C) and boil-
ing point (732 °C), which forms molten salts distributed 
in the carbon matrix during the pyrolysis process [116]. 
According to Wei et al., the potential reactions that may 
occur during the activation process with ZnCl2 can be 
summarized in Eqs. (7)-(10) as follows [117],

In a study performed by Melliti et  al., date palm fiber 
was converted into biochar via chemical activation using 
ZnCl2 [118]. The biochar was found to have an adsorp-
tion capacity of 147 mg/g in removing the Tylosin anti-
biotic. Another work performed by Bouchemal et  al. 
found that ZnCl2-activated date palm pit biochar had a 
high BET surface area (1587 m2/g) and exhibited a good 

(7)ZnCl2 + 3H2O → ZnOCl2 · 2H2O+ 2HCl ↑

(8)Zn2OCl2 · 2H2O → ZnCl2 ↑ + ZnO+ 2H2O ↑

(9)2ZnO+ C → 2Zn+ 2CO2 ↑

(10)ZnO+ C → Zn+ CO ↑

Table 5  Comparison of the specific surface area, pore volume and functional groups of date palm waste activated with alkali

Activator Precursor Pyrolysis 
temperature (°C)

Surface area (m2/g) Pore volume 
(cm3/g)

Functional group References

KOH Fibres 600 1719 –OH, NH– [70]

Seeds 800 1289 0.58 –OH, C=O, –COO− [102]

Rachis 800 1160 0.48 –OH, C–O, –COO− [103]

NaOH Petioles 600 655 0.15 –OH, C–O, –COO− [104]

Seeds 600 1282.49 0.66 –OH, C=O, C–O, N–O, C=C [104]

800 377.63 0.0275 –OH, C–O, –COO− [105]
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removal efficiency for Orange G dye (83%) [119]. Hence 
the interest in using ZnCl2 as biochar activator.

Chemical activation refers to the modification of pris-
tine biochar using different activating agents to yield 
porous biochar with a high specific surface area and wide 
pore distribution. Nevertheless, this approach presents 
some limitations: (i) The use of strong acidic and alka-
line activating agents such as HCl, NaOH, and KOH, can 
accelerate equipment corrosion, increasing maintenance 
costs of equipment, (ii) Potential secondary wastewa-
ter is created due to repeated and prolonged washing 
processes to remove residual activating agents such as 
H3PO4, NaOH, KOH, and ZnCl2, and their derivatives 
from the final product, finally (iii) The use of highly cor-
rosive chemicals such as HCl, NaOH and KOH involves 
potential hazards, therefore requiring adequate safety 
measures and protective equipment [68, 120].

Other activation or modification methods
Faezeh et  al. synthesized date palm leaves biochar 
upgraded with vitamin B6 (pyridoxine hydrochloride 
with a pyridine ring) by chemical attaching exhibiting 
a higher removal efficiency (92%) for tetracycline than 
raw biochar (34%) [121]. Mukarram et  al. prepared the 
MgAl-layered hydroxide intercalated date palm frond 
biochar composites (B-MgAl-LDH) by a facile co-precip-
itation technique [122]. The B-MgAl-LDH showed higher 
uptake of methylene blue (302.7  mg/g), compared with 
the raw biochar (206.6 mg/g) due to the excellent hybridi-
zation of the two adsorbents which resulted in substan-
tial improvement in surface area, micropore volume, 
and abundant surface functional groups, facilitating fast 
and better adsorptive removal of methylene blue. Jamiu 
et al. fabricated date palm frond biochar-iron oxide (Bio-
char-FexOy) that showed increased adsorption capacity 
(85.1 mg/g) for methylene blue in comparison to pristine 
biochar (60.1  mg/g) due to the increase in surface area, 
porosity, and deposition of metal ions on its surface for 
adsorption [123]. The enhanced methylene adsorption 
by the Biochar-FexOy can be attributed to electrostatic 
attraction, hydrogen bonding, π-π interactions, and pos-
sible cationic exchange. For different metal-based bio-
char composites, they show higher high capacity and 
selectivity for target pollutants than pristine biochar due 
to introduction of additional active sites, increase of ion 
exchange interactions, the synergy of surface heterogene-
ity, functional group reactivity, and metal-assisted bind-
ing [124].

Effects of activation on the textural properties of biochar
Activation methods are primarily intended to signifi-
cantly increase the specific surface and porous volume. 
This could be essentially by monitoring SEM for direct 

visualization of the pore and by determining nitrogen 
adsorption isotherms for the determination of the spe-
cific surface area and the porous volume. An example 
of the effect of dry impregnation of palm waste biochar 
(PWB) with ZnCl2 followed by slow pyrolysis is shown 
in Fig. 8. Channels appear in the structure of the biochar 
particles because of activation.

The change in the porous structure has a remark-
able effect on the nitrogen adsorption isotherms. Fig-
ure  9 compares the N2 isotherms on pristine and 
ZnCl2-activated PWBs, pristine PWB with low specific 
surface area of 392.6 m2/g displays Type I adsorption iso-
therms with Type H4 hysteresis loops at a relative pres-
sure of P/P0 = 0.4–1.0 which is related to microporosity, 
however, ZnCl2-activated PWB with high specific sur-
face area of 1566.5 m2/exhibit shape of Type IV isotherm 
curve with a same Type H4 hysteresis like pristine PWB 
indicating the existence of mesopores. The results show 
that ZnCl2 creates more mesopore in biochar matrix.

Table  6 reports the SSA values obtained for activated 
biochar samples obtained by pyrolysis of various date 
palm parts, at indicated activation and pyrolysis con-
ditions. The SSA values are displayed in Fig.  10 versus 
biomass nature, i.e. the initial different palm waste parts 
that yield biochar samples. The plot shows that activa-
tion could yield up to one order of magnitude increase of 
the biochar SSA. Among the activators, ZnCl2 and KOH 
are permitted to achieve SSA values in the 1000–2000 
m2/g range, yet ZnCl2 is usually employed at a high ini-
tial ZnCl2/biomass ratio (at least mass ratio = 2). Overall, 
chemical activation increases significantly specific sur-
face area and pore volume of date palm waste to further 
affect the adsorption performance. Especially, the specific 
surface area and pore volume of date palm waste tended 
to increase with different activators in the order KOH > H
3PO4 > NaOH ~ ZnCl2 > H2SO4.

KOH is a stronger base than NaOH and will corrode 
the quartz boat and tube at a high temperature, hence, 
the preparation of biochar with KOH activation requires 
safe experimental conditions such as a stainless reaction 
container and muffle furnace.

Removal of pharmaceuticals
Analgesic
Mefenamic acid
Mefenamic acid (MFA) is a non-steroidal anti-inflam-
matory drug (NSAID) used in the treatment of primary 
dysmenorrhea, rheumatoid arthritis/osteoarthritis, and 
sports injuries. It is frequently detected in the aquatic 
environment either in molecular (C15H15NO2) or 
ionic form (C15H14NO2─), depending upon the pH 
of water matrices. Certain wastewater treatment plants 
in India reported 320 − 750  μg/L in their effluents 
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[3]. The predicted no-effect concentration (PNEC) 
based on aquatic toxicity for MFA is 0.428 μg/L [125]. 
Its prolonged exposure even at trace concentrations 
(> 0.05  μg/L) can lead to headache, diarrhea, hemate-
mesis, gastrointestinal tract disorders, hematuria, and 
hepatotoxic and nephrotoxic impact in humans, and 

possibly hermaphroditic effects in aquatic animals 
[126].

Chemically activated date stone biochar, was tested for 
MFA removal. Activation was performed using ortho-
phosphoric acid (H3PO4) at 450 °C for the duration 
of 1  h [90]. The activated biochar was characterized by 

Fig. 8  SEM images of pristine PWB (a), and a ZnCl2-activated PWB (b). The activated biochar was prepared by slow pyrolysis of palm waste biomass 
powder dry impregnated with ZnCl2 powder (Biomass to ZnCl2 mass ratio = 1/3). Unpublished results, courtesy of M. El Garah (UTT, Troyes, France)

Fig. 9  N2 adsorption–desorption isotherms on PWB (a), and PWB-ZnCl2 (b). Adapted from Reproduced from [10.26434/chemrxiv-2025-b4rbp]
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pHpzc value of 4.1 and MFA removal was performed at 
pH range of 2–10. The Langmuir adsorption capacity was 
reported as 33.3 mg/g at optimum pH of 3 [90]. MFA has 
a pka of 4 and at pH 3 the compound is neutral and non-
polar with enhanced hydrophobicity [127]. Hence it is 
likely to adhere to the adsorbent surface [127]. Above pH 
4.2, the two compounds are negatively charged with elec-
trostatic repulsion decreasing adsorption performance.

Generally, at pH < pKa, the compound would be pro-
tonated (neutral), while at pH > pKa it is deprotonated 
(negatively charged). At pH = pKa, there is an equiva-
lent amount of neutral and deprotonated species. The 
pH also affects the charge on the adsorbent surface. The 
point of zero charge (pHpzc) is the pH in which the net 
charge on the adsorbent surface is zero. It was found that 
at pH > pHpzc the surface would be negatively-charged 
while at pH < pHpzc the surface would be positively-
charged [128]. Limited studies were conducted on MFA 

Table 6  Comparison of the specific surface area of date palm waste biochar activated with different methods

Biomass Activation Conditions Pyrolysis T (°C)/Residence time 
(h)

SSA (m2/g) Pore 
volume 
(cm3/g)

References

Seeds (Pits, Kernels) CO2 – Carbonization at
700 (2 h), followed by activation 
under
CO2 at 800

24.5 (pristine)
167 (activated)

0.01517
0.08970

[162]

H2SO4 BM:KOH = 1:1 600 (1.5) 333 (pristine)
742 (activated)

–
–

[163]

NaOH BC:NaOH = 1:3 800 (1.5) 377.63 0.0275 [105]

BC:NaOH = 1:3 600 (1) 1282.49 0.66 [104]

KOH BM:KOH = 1:1
BC:KOH = 1:1

800 (2) 1116
1298

0.48
0.58

[102]

BM:KOH = 1:1 800 (2) 1160 – [103]

ZnCl2 BC:ZnCl2 = 1:0
1:1
1:2
1:3

749 (2) 165.91
289.51
333.84
667.89

0.047
0.082
0.091
0.438

[102]

BM:ZnCl2 = 1:1 800 (4) 1578 1.02 [119]

Petioles Limited air – 700 (3) 640 0.403 [164]

NaOH BC:NaOH = 1:2 600 (2) 655 0.15 [113]

Fronds Limited air – 500 (4)
600 (4)
700 (4)
800 (4)

201.22
306.14
431.82
179.56

0.0198
0.0168
0.1340
0.0482

[165]

– 400 (–)
500 (–)
600 (–)

3.8
152
246

–
–
–

[65]

Stones H3PO4 BM:H3PO4 = 15g:50 mL 50% (w/w) 900 (2) 1118 0.618 [166]

Barks H3PO4 BM:H3PO4 = 5g:25 mL 40% (w/w) 400 (3) 902 0.49 [99]

Rachis KOH BM:KOH = 1:0.74 800 (1) 1160 0.583 [109]

Leaves Limited air – 400 (–)
500 (–)
600 (–)

3.5
152
289

–
–
–

[70]

Fiber KOH BM:KOH = 1:3 200 (1 h) followed by 300–600 
(1.5 h)

1096 (pristine)
1719 (activated)

– [70]

Fig. 10  The effect of activation methods on the surface area of date 
palm residue
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removal using other adsorbents. Silica nanoparticles, 
nanoscale zero-valent iron (nZVI) immobilized on ben-
tonite clay and AC were employed in MFA removal aque-
ous solution with a Langmuir adsorption capacity of 
217.5 mg/g, 108.7 mg/g, and 92.6 mg/g, respectively [129, 
130].

Ibuprofen
Ibuprofen (C13H18O2) is the third most commonly used 
drug worldwide [131]. It was among the top 10 com-
pounds detected Europe’s groundwater and it is listed 
on Voluntary Groundwater Watch List [9, 132]. Multiple 
waste biomass sourced from date palm were investigated 
in biochar production for ibuprofen removal from water. 
The feedstocks investigated were date stones, frond, and 
empty fruit bunch as shown in Table  7. The adsorption 
capacity of IBP using carbon-based adsorbents is on 
average equivalent to 101  mg/g, with lower and upper 
quartiles of 11  mg/g and 135  mg/g, respectively [133, 
134]. In few studies, the adsorption capacity for ibupro-
fen was close to 500 mg/g [135, 136].

Acid activated carbon produced from date stones was 
tested for the removal of ibuprofen in two-stage process 
[91]. The date stones were mixed with 30% phosphoric 
acid then carbonized at 550 °C for 2 h. The resulting bio-
char was characterized by a surface area of 727 m2/g. The 
Langmuir adsorption capacity was reported as 126 mg/g 
at pH 7 [91].

Multiple modifications to date palm leaflets biochar 
were tested for ibuprofen removal. The tested biochars 
were first KOH-activated. Then a second activation 
was performed using HNO3, ethylene diamine or ethyl-
amine. The best performance was achieved by KOH and 
HNO3 activation. The Langmuir adsorption capacity in 
DI water (pH 7 was reported as 81.5 mg/g compared to 
53.9 in spiked hospital waste water (pH 6.7–7.5) [137]. 
The authors of this study observed that the final pH was 
between 3.6 and 4.2 compared to the initial pH range 
5–11, which is below the pKa value of IBU, leading to 
IBU precipitation [137].

Date palm frond biochar produced at 600 °C using acid, 
alkali, and metal oxide modification [48] was utilized 
for IBP removal. The experimental adsorption capacity 
ranged from 65.7 to 72.2  mg/g at pH 2. Moreover, the 
dominant adsorption mechanism in the pristine biochar 
was reported as chemisorption, particularly H-bonding 
and electrostatic interactions [48]. Electrostatic interac-
tion is the fundamental basis for all non-covalent inter-
molecular forces including H-bonding [139]. Thus, this 
classification is inaccurate, and H-bonding could be clas-
sified as strong physisorption.

Another study utilized date stones by first pyrolyzing 
at 700 °C for 1 h, then modified in two ways. First steam 

activation at 800 °C for 1 h. Second, chemical activation 
using wet H3PO4 acid impregnation [92]. Steam activa-
tion resulted in a higher surface area of 513 m2/g and a 
pore volume of 0.205 cm3/g compared to acid modifi-
cation (surface area 342 m2/g and a pore volume 0.132 
cm3/g). in terms of adsorption capacity at pH 3, the two 
biochars had comparable performances. The Langmuir 
adsorption capacity for steam-activated biochar and 
acid-activated biochar was 13.17  mg/g and 11.23  mg/g, 
respectively [92].

Antibiotics
Multiple studies looked at the removal of antibiotics from 
water using pristine and modified date palm biochar. 
From Table  8, it can be seen that the targeted antibiot-
ics were tetracycline (C22H24N2O8), chlortetracycline 
(C22H23ClN2O8), sulfamethoxazole (C10H11N3O3S), 
trimethoprim (C14H18N4O3), sulfapyridine 
(C11H11N3O2S), tylosin (C46H77NO17), levofloxacin 
(C18H20FN3O4), norfloxacin (C16H18FN3O3), and cip-
rofloxacin (C17H18FN3O3). The feedstock for biochar 
production was fronds (entire leaves), leaflets, rachis, 
sheath, or stone. The adsorption capacity of pristine bio-
char was relatively low, ranging from 3.6 to 28.2  mg/g. 
On the contrary, modified biochar could reach higher 
adsorption capacities up to 478.6 (Table  8). Multiple 
modification techniques were implemented, such as 
chemical activation using KOH [47, 140], ZnCl2 [118], or 
K2CO3 [141]. Biochar composites with silica, zeolite, and 
nano-metal oxides [46, 60] or to produce metal organic 
framework (MOF) [142] were also investigated for anti-
biotics removal.

Tetracycline
M. Zubair et al. investigated pristine and layered double 
hydroxides, and date palm fronds biochar for the removal 
of tetracycline [46]. The effect of production techniques 
(Co-precipitation, hydrothermal, and co-pyrolysis) on 
the removal was investigated. Co-precipitation and 
hydrothermal methods resulted in better crystallin-
ity, functional groups, and well-developed structure. 
Biochar-MgFeCa composite produced via the hydro-
thermal method showed the highest estimated uptake 
(639.76 mg/g) compared to the co‐precipitation method 
(69.3 mg/g). The high removal was attributed to the metal 
oxides, and C–O and C–O–C surface functional groups, 
which promote pi-pi and chemical interactions.

Another study looked at silica, zeolite, and nano-zerov-
alent iron (nZVI) date palm biochar composites for the 
removal of chlortetracycline from aqueous solutions [60]. 
Biochar-nZVI composite results in lower nanoparticles 
agglomeration and more feasible applicability compared 
to nZVI only. The authors suggest the formation of ferric 
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oxyhydroxide (FeOOH) layer on Fe0 nanoparticles, facili-
tating tetracycline adsorption. The Langmuir adsorp-
tion capacity of nZVI-Biochar was 89.05 mg/g. The main 
reported adsorption mechanisms were chemisorption, 
H-bonding, diffusion into the surface pores, redox reac-
tions, and π-π electron donor–acceptor interactions.

Date palm leaves were used to produce activated car-
bon through chemical activation (KOH) for tetracycline 
removal [47]. Activation with KOH increased the -OH 
functional groups and resulted in a Langmuir adsorption 
capacity of 132.94  mg/g. The predominant adsorption 
mechanisms were π-π interaction, H-bonding, electro-
static interaction, and pore filling. Relative to other bio-
char/biomass-based adsorbents, tetracycline adsorption 
capacity was on average 230.9 mg/g and ranged from 5.1 
to 455.3 mg/g [144].

Sulfamethoxazole‏, trimethoprim, sulfapyridine
Unmodified biochar from date palm fronds was used in 
the removal of binary mixtures of atenolol, ibuprofen, 
and sulfamethoxazole from aqueous solution [138]. The 
BET analysis showed a higher distribution of mesopores 
over micropores with a surface area of 246 m2/g. FTIR 
results show a significant drop in C=C peak intensity 
after adsorption. Moreover, the low adsorption energies 
(< 20 kJ/mol) indicate that physisorption was one of the 
mechanisms responsible for the binary adsorption. The 
adsorption capacities for the three compounds were in 
the range 0.7 to 2.6 mg/g. This is a relatively low capac-
ity compared to the average adsorption capacity of sul-
famethoxazole (290.9  mg/g) reported in the literature 
[145]. Compared to other biomass (wheat straw, bagasse, 
or sucrose) derived adsorbents, the Langmuir adsorption 
capacity for sulfamethoxazole was in the range of 50.6–
597.6 mg/g [146–149].

Date palm leaf biochar was used for trimethoprim, 
sulfamethoxazole, and sulfapyridine antibiotics removal 
from mixed solutions [61]. The biochar was produced 
at varying pyrolysis temperatures. The impact of pyroly-
sis temperature was investigated. Increasing pyrolysis 
temperature generally decreased adsorption capacity 
due to the decrease of polar functional groups and an 
increase in hydrophobicity. Total Langmuir adsorption 
capacities for the three compounds were 2.27 mg/g and 
173  mg/g for biochar produced at 800 °C and 400 °C, 
respectively. Performance of biomass based adsorbents 
for trimethoprim ranged from 269 mg/g [150] in MgO/
Al2O3-modified rice husk biochar and 125.88 mg/g [151] 
and 168.5  mg/g [152] in commercial vegetal powdered 
activated carbon (PAC) and oil refinery sludge chemically 
activated biochar, respectively. Moreover, sulfapyridine 
removal ranged from 8.6 mg/g in bagasse biochar [153] 
to 57.9 mg/g ball milled bamboo biochar [154].

Tylosin
Date palm fiber activated carbon with ZnCl2 was utilized 
for Tylosin antibiotic removal from aqueous solution 
[118]. The adsorbent surface area and micropore volume 
percentage were 1726 m2/g and 48%, respectively. OAC 
contains several carboxyl and hydroxyl groups that favor 
the appearance of hydrogen bonding. The adsorption 
capacity was 147 mg/g. Tylosin removal was tested using 
lignosulfonate (665 mg/g) [155], wheat bran (61.6 mg/g) 
[156], maize straw (13.3 mg/g) [157], and wood-process-
ing residues (135.1  mg/g) [158]. The highest capacity 
of lignosulfonate was attributed to its high surface area 
(2944 m2/g) and a large pore volume (1.406 cm3/g) [155].

Fluoroquinolone
Activated carbon from date stones was produced via 
KOH activation for levofloxacin removal [140]. The 
activation step was performed on pyrolysis char using 
a microwave oven, followed by an acid washing step. 
The surface area and pore volume were 817 m2/g and 
0.638 cm3/g, respectively. The main observed functional 
groups were O–H and C–O. The adsorption capac-
ity was 100  mg/g. Another study utilized microwave 
K2CO3-activated date stones for ciprofloxacin and nor-
floxacin removal [141]. Only dynamic adsorption was 
performed with Thomas modeled bed capacity equiva-
lent to 2.1 and 2.0 mg/g for ciprofloxacin and norfloxacin, 
respectively.

Biochar derived from date palm rachis and metal 
organic frameworks (MOFs) MIL–53(Fe) produced via 
microwave-assisted synthesis for ciprofloxacin and oflox-
acin antibiotics removal [142]. MOFs show exceptional 
crystallinity, high surface area, tunable porous structure, 
and large functional groups favorable for high–perfor-
mance sorption [159]. Some MOFs suffer instability in 
water, hence the impregnation with biochars. The result-
ing MIL-biochar composite achieved Langmuir adsorp-
tion capacity of 218.29 and 223.89 mg/g for ofloxacin and 
ciprofloxacin, respectively. XRD of MIL-biochar com-
posite showed a reduction or diminishing in intensity of 
some peaks characteristic of MIL–53(Fe). In other words, 
amorphous phases were formed during the compos-
ite preparation. The composite had more acidic surface 
groups and a moderate surface area of 96 m2/g. coffee 
husk, corn cob, and red mombin seeds were utilized in 
norfloxacin and ofloxacin removal with capacities in the 
range of 202–404 mg/g [160].

Antihistamines: chlorpheniramine
Date palm leaflets biomass was chemically activated 
with KOH, then oxidized using HNO3, and finally 
functionalized with ethylamine to produce hydropho-
bic carbonaceous surface (HAC-EA) for the removal 
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of chlorpheniramine (C16H19ClN2) from deionized 
water and spiked hospital wastewater [137]. The adsorp-
tion capacity was 452 mg/g in DI water and 370 mg/g in 
spiked hospital water. Hydrophobic interaction forces 
were reported as the dominating adsorption mechanism. 
These values are comparable to commercial activated 
carbon (574.6 mg/g) [161].

Conclusion and future perspectives
The present review demonstrates that the pyroly-
sis parameters, activation methods, and the choice of 
feedstock substantially influence the adsorption per-
formance of date palm waste biochars. Pyrolysis temper-
ature and residence time were found to directly impact 
surface chemistry and pore development. Moderate 
pyrolysis temperatures (400–600  °C) preserve oxygen-
ated functional groups that promote hydrogen bond-
ing, electrostatic attraction, and π–π interactions with 
pharmaceuticals. On the other hand, higher pyrolysis 
temperatures (> 600 °C) enhance surface area and hydro-
phobicity but reduce surface functionality, which may 
limit the adsorption of polar contaminants. Similarly, 
extended residence time improves carbonization and 
porosity at the expense of surface functionality. Thus, it 
is needed to optimize the pyrolysis temperature and resi-
dence time in order to achieve high adsorption capacity.

Activation treatments generally enhances the adsorp-
tion capacity of date palm waste biochars. Chemical 
activation using H3PO4, KOH, ZnCl2, or HNO3, was 
found to improve the pore structures and introduce new 
functional groups resulting in a higher adsorption effi-
cacies for targeted pharmaceuticals. On the contrary, 
physical activation (steam or CO2) is a green approach 
that increases surface area and pore volume, but shows 
limited or inconsistent improvements in the adsorption 
capacity. In short, more systematic investigation of date 
palm waste physical activation is needed.

In addition to material properties and pyrolysis condi-
tions, adsorption performance is strongly influenced by 
the solution pH and water matrix composition. Stud-
ies conducted in real wastewater consistently report 
a reduced adsorption capacities due to competitive 
adsorption, highlighting the importance of evaluating 
new adsorbents under environmentally relevant con-
ditions. Additionally, the influence of the date palm 
waste fraction (e.g., frond, pits, fibers) remains insuf-
ficiently explored despite their distinct physiochemical 
characteristics.

In summary, this systematic review sheds light on the 
essential role of feedstock selection, pyrolysis conditions 
and activation methods on the adsorption of pharma-
ceuticals of newly developed date palm waste biochars. 
Future research should focus on the underlying biomass 

physiochemical properties and their impact on adsorp-
tion performance both in laboratory and real wastewa-
ter systems. This will accelerate the implementation of 
low-cost, biomass-based adsorbents in water treatment 
applications.
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