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A B S T R A C T   

Nitrate contaminant has a real impact on aquatic environmental systems and public health due to its increasing 
discharge from agricultural and industrial activities. In particular, high nitrate amount in water can cause 
eutrophication and different diseases, such as blue baby syndrome. Thus, the removal of nitrate from aquatic 
ecosystems is essential for preventing such issues. For this purpose, adsorption has been adopted in many studies 
as a simple, efficient, and eco-friendly technique. Moreover, activated carbon (AC)-based adsorbents exhibit high 
removal performance towards nitrate owing to their unique pore characteristics and functional groups enriched 
structures. This article represents a comprehensive review on the production, characterization, and application of 
AC-based adsorbents for nitrate removal from water. The most common forms of AC-based adsorbents such as 
raw, modified, and composite are considered. The influences of preparation and adsorption variables on nitrate 
removal performance of such adsorbents are explained. Furthermore, the nitrate adsorption behavior under 
batch, fixed bed, and competitive operations along with the mechanism and adsorbents reusability is also dis
cussed. Finally, the conclusions and future trends for the studied adsorption systems are given.   

1. Introduction 

Nitrate is an inorganic anion that contains one nitrogen atom and 
three oxygen atoms, the chemical symbol for nitrate is NO3

− [1]. This 
anion has been classified as one of the most widespread contaminants 
owing to its high water solubility [2]. The existence of large amounts of 
NO3

− in water due to overuse of fertilizers and discharge of harmful 
wastes from industrial and municipal activates, has become a severe 
environmental threat to the world. It leads to eutrophication which can 
result in excessive aquatic plant growth, algae growth, harm to fish and 
other organisms, and disruption of the natural balance of species in the 
water [3]. Moreover, high NO3

− concentration in drinking water can lead 
to serious health issues in terms of infant methemoglobinemia or “blue 
baby” syndrome and stomach cancer [4]. Therefore, the World Health 
Organization (WHO) identifies a maximum NO3

− amount of 50 mg/L in 
drinking water [5]. 

Several methods have been adopted for the elimination of nitrate 
from water including ion exchange [6], reverse osmosis [7], electrodi
alysis [8], biological denitrification [9], and chemical reduction [10]. 
However, these methods have several limitations despite their high 

performance. For instance, ion exchange requires post-treatment and 
waste brine disposal, reverse osmosis has a very high operating cost, 
catalytic reduction produces ammonia as undesirable byproduct, and 
biological denitrification creates large amounts of biomass and microbes 
that need additional treatments. Furthermore, the latter method is un
favorable for treating of inorganic pollutants due to the requirement of 
extra organic substrates to act as electron donors [11]. 

On the other hand, adsorption is often regarded as the most 
appealing owing to its suitability, operation flexibility, design 
simplicity, and cost-affectivity if cheap and simply regenerated adsor
bents are utilized [3]. Nitrate removal by adsorption mainly depends on 
the contact between nitrate and adsorbent followed by the movement of 
nitrate ions from solution bulk towards adsorbent surface. For this 
purpose, the selection of appropriate adsorbents and best adsorption 
variables play a significant role in efficient removal of nitrate [12]. 
Several adsorbents including resin, silica, biochar, graphene, clay or 
organoclay, carbon nanotubes, alumina, zeolite, soils, Mg–Al layered 
double hydroxide, chitosan, agricultural biomass, and hydroxyapatite 
have been used to adsorb nitrate [13–25]. However, some of these 
materials are not highly effective and exhibit small to medium nitrate 
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uptakes due to their low porosity and functionality and the others are 
considered high cost adsorbents. Using activated carbon (AC)-based 
materials among these adsorbents has higher economic and environ
mental advantages [26]. These adsorbents can be obtained from a va
riety of agricultural and industrial wastes. AC has the advantage of high 
removal efficiency due to its large surface area and favorable function
ality. Moreover, the use of modified and composite forms of AC is able to 
enhance its surface and textural characteristics and eventually, can 
improve the efficiency of adsorption [3,12]. To this end, we have 
examined carbon-based adsorbents in the following parts. 

Many reviews have considered the adsorption of nitrate onto biochar 
and its modifications [27,28], chitosan and chitosan derivatives [29,30], 
clays in the raw and modified forms [31], emerging adsorbents (zeolite, 
chitosan, agricultural wastes, etc.) [11], solid waste bio-adsorbents [1], 
and agricultural wastes [32]. AC has been indicated in some reviews 
[11,12,26,33–35]. However, such reviews did not consider the pro
duction, characteristics, adsorption utilization, and reuse of AC-based 
adsorbents in detail. Thus, this paper is an up to date review of litera
ture on the utilization of AC-based adsorbents for nitrate removal 
involving the production and modification techniques, properties, per
formance, isotherms, kinetics, thermodynamics, and mechanisms. 
Competitive and fixed bed adsorption behaviors of the studied system 
along with regeneration and reuse of adsorbents were also included. 

2. Methodology 

This article reviewed the data of 84 studies published between 2010 
and 2022 on the adsorption behavior of nitrate on AC-based adsorbents. 
Six studies found in the literature from 2003 to 2009 were also included 
as they presented significant data. The major sources of these studies 
were the Scopus database and Google Scholar, and the main keywords 
applied for collecting the data were “AC-based adsorbents”, “adsorp
tion”, and “nitrate”. The obtained data were summarized in Tables 1–5 
and discussed in three sections. The data for preparation studies 
including the characteristics of AC-based adsorbents obtained by 
different methods under various conditions were presented in Table 1 
and discussed in Section 3. The data for isotherms, kinetics, and ther
modynamics of nitrate adsorption on AC-based adsorbents were given in 
Tables 2–4 and discussed in Sections 5–7. The data for desorption and 
reuse studies of AC derived adsorbents saturated with nitrate were 
presented in Table 5 and discussed in Section 11. Finally, the findings 
and recommendations for further research are given based on the 
analysis of the obtained data. 

3. Activated carbon-based adsorbents 

Activated carbons in the raw, modified, and composite forms have 
been widely used for the adsorption of inorganic anions such as nitrate.  
Table 1 summarizes the characteristics of AC-based adsorbents derived 
from a variety of precursors using different activating agents under 
specific conditions. According to this table, most of the studies include 
the chemical activation process as compared to the physical and phys
icochemical activations. This section discusses the production and 
modification techniques along with characteristics of AC-based 
adsorbents. 

3.1. Raw activated carbon 

Activated carbon is a carbon enriched solid with a developed struc
ture that includes high porosity, diverse pores, and abundant active sites 
[36]. Thus, AC is an efficient adsorbent for wastewaters treatment. 
However, AC properties are varying with its precursors and production 
technique. The most adopted precursors for commercial ACs are highly 
cost and non-renewable like coal and petroleum precursors [37]. ACs 
are recently produced from agricultural and industrial wastes for a 
cost-effective adsorption system [38,39]. 

Physical and chemical activations along with physiochemical one are 
the basic methods being used for the preparation of ACs [40,41]. 
Physical process involves the pyrolysis of precursors in the absence of 
oxygen and activation of the obtained char at elevated heating using 
CO2 or steam as oxidizing agent. In the chemical process, pyrolysis and 
activation may be carried out in a one-step using chemicals like ZnCl2, 
H3PO4, NaOH, and KOH at moderate heating [42]. Chemical process 
exhibits ACs with high porosity, more quantity, and needs lower heating 
than physical process. However, this process is accompanied with 
corrosion issue, washing step requirement, and poor separation of excess 
activators, which may pollute water during adsorption application [43]. 
Physiochemical activation involves the mixing of precursors with a 
chemical agent, followed by an activation step with a physical agent. 
The benefits of this type of activations are its controllable textural fea
tures and surface development. However, the complexity and high en
ergy requirements of physiochemical activation limit its practical 
applicability [44]. 

Raw ACs have been widely adopted as efficient adsorbents for nitrate 
[45–57]. According to the collected data, chemical activation is the most 
frequently used process for the production of AC adsorbent for removal 
of nitrate. Moreover, the commonly used activating agents are ZnCl2, 
H3PO4, H2SO4, KOH, K2CO3, NaOH, Na2CO3, HCl, and CaCl2. Among 
these agents, ZnCl2 was the most applied agents for production of AC. In 
this context, AC with a large surface area of 1826.0 m2/g was obtained 
from sugar beet bagasse by ZnCl2 activation. In brief, the bagasse pre
cursor was added to a solution of ZnCl2 in 300 mL distilled water at 3:1 
(g/g) impregnation ratio and agitated at 80 ◦C for 6 h. The sample was 
then put in a stainless steel boat and pyrolyzed in an electrical furnace at 
700 ◦C for 90 min under the heating extent of 5 ◦C/min and N2 flow of 
100 mL/min. The obtained AC was sequentially rinsed with 0.5 M HCl 
solution and warm distilled water till the pH of filtrate attained 6 [51]. 
The favorable activation by ZnCl2 relative to other agents such as HCl, 
H2SO4, KOH, and H3PO4 was also reported for production of AC from 
finnish wood chips biochar precursor. The specific surface area of AC 
was about 20 times that of its precursor. Moreover, the adsorption 
performance of AC was about 3 times that of its precursor [55]. How
ever, the largest surface area (2802.0 m2/g) was reported for AC that 
obtained by NaOH activation of rice husk. NaOH agent exhibited AC 
with more developed microporous structure and low ash content. This 
could be related to the fact that NaOH was reacted with SiO2 which 
resulted in opening of blocked pores [49]. For physical activation, steam 
was more applied to produce AC relative to CO2. In this context, AC with 
a surface area of 1073.98 m2/g was derived from bamboo char precursor 
by steam activation. Precursor particle with a specific size was placed in 
a quartz tube inside a muffle furnace, and the temperature was elevated 
to 850 ◦C at a heating extent of 10 ◦C/min. Then, steam was supplied at a 
flow rate of 6.5 g/min, and the activation was performed for 1 h, fol
lowed by oven drying of AC product [58]. The maximum reported sur
face area for steam and CO2 ACs were 1144.0 and 590.0 m2/g from 
coconut shells [59] and Finnish wood chips [60] precursors, respec
tively. Physicochemical activation was also reported for production of 
AC. In this regard, oil palm shell char was impregnated with KOH or 
H3PO4 solution, agitated for 24 h at 60 ◦C, and then dehydrated at 120 
◦C for 24 h. The impregnated samples were activated at an average 
temperature of 700 ◦C for 3 h under steam flow rate of 0.1 mL/min. After 
that, both samples were thoroughly rinsed with distilled water to reach 
pH 6–7. KOH-steam and H3PO4-steam ACs exhibited surface areas of 
838.03 and 564.03 m2/g, respectively. 

3.2. Modified activated carbon 

Adsorption performance of raw activated carbons towards nitrate 
ions can be further improved by chemical modification. The improve
ment in performance of AC mainly depends on enhancement of its 
functionality by introducing additional and specific functional groups 
[3]. In some cases the pore properties of raw AC adsorbent can also be 
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Table 1 
Pore properties, elemental content, and other characteristics of different AC-based adsorbents used for nitrate removal.  

Precursor/activator Adsorbent Preparation conditions Pore properties Elemental content (%) & other 
properties 

Ref. 

SBET 

m2/g 
Vt 

cm3/g 
dp 
nm 

Finnish wood chips/CO2 Raw AC 800 ◦C, 3 h, 10 ◦C/min, 0.09 L/min CO2  590.0  0.335 3.44 C 52.1, H 0.4, N < 0.5, O < 8, S< 2 [45] 
Coconut shells/ Steam Raw AC   786.0  0.435 2.21 C 91.9, H 0.5, N < 0.5, O 2.6, S< 2 [45] 
Commercial Raw AC   374.4  0.530 7.22 C 87.48, N 0.0, O 11.40, Si 0.51, P 

0.61 
[46] 

Orange peel/H3PO4 Raw AC 450 ◦C, 0.5 h, 2:1 H3PO4/ precursor  1090.0  1.056  pHPZC 5.5 [47] 
Almond shells/steam Raw AC 850 ◦C, 1 h, 0.1 g/min steam  641.0  0.351  pHPZC 10.6 [47] 
Oil palm shells/H3PO4- 

steam 
Raw AC 600–800 ◦C, 3 h, 0.1 mL/min steam  564.03  0.230 2–4  [48] 

Oil palm shells/KOH- 
steam 

Raw AC 600–800 ◦C, 3 h, 0.1 mL/min steam  838.03  0.390 2–4  [48] 

Rice husk/NaOH Raw AC 800 ◦C, 3 h, 3:1 NaOH/ precursor  2802.0  1.690 1.210 Ash 3.52 % [49] 
Coir pith/ZnCl2 Raw AC 700 ◦C, 2:1 ZnCl2/precursor  910.0  0.363 1.600 Fixed C 81 %, volatiles 19 %, ash 3.2 

%, pHPZC 3.2 
[50] 

Sugar beet bagasse/ 
ZnCl2 

Raw AC 700 ◦C, 1.5 h, 5 ◦C/min, 100 mL/min N2, 3:1 
ZnCl2/precursor  

1826.0  0.966 2.220  [51] 

P. juliflora branches/ 
H2SO4 

Raw AC 500 ◦C, h, 1:1 H2SO4/precursor  358.47  0.189 1.555 C 74.09, O 17.60, N 7.65, P 0.67 [52] 

Rice straw/Na2CO3 Raw AC 650 ◦C, 1 h, Na2CO3  122.9  0.099  C 8.97, H 0.46, O 6.57, N, ash 72.8 % [53] 
Shrimp shell/ZnCl2 Raw AC 400 ◦C, 2 h, 2:1 ZnCl2/ precursor, 5 ◦C/min  1536.3  0.830 2.42  [54] 
Finnish wood chips/ 

ZnCl2 

Raw AC 500 ◦C, 1 h, 5 M ZnCl2, 10 w/w L/S ratio  285.0  0.260 3.940 C 61.8, H 0.75, N 1.6, S < 2 [55] 

G. globra residues/ZnCl2 Raw AC 850 ◦C, 1 h, 2:1 ZnCl2/ precursor, 200 mL/min N2, 
10 ◦C/min  

959.22  0.543 2.223 C 83.24, O 11.92, Cl 3.44, Zn 1.40 [56] 

P. aculeate trunks /K2CO3 Raw AC 800 ◦C, 2 h, 1:1 K2CO3/ precursor  777.0  0.350 1.810 C 80.6, H 1.6, O 17.4, N 0.4, pH 7.2 [57] 
P. aculeate trunks /NH4Cl Raw AC 450 ◦C, 0.5 h, 0.1:1 NH4Cl/ precursor  58.0  0.030 1.910 C 65.4, H 3.1, O 25.2, N 6.3, pH 4.1 [57] 
Commercial HNO3 modified AC   1090.0  0.666  C 95.18, H 0.16, O 3.50, N 1.16 [62] 
Commercial Raw AC   1146.0  0.612  C 90.84, H 0.09, O 8.51, N 0.56 [62] 
Coconut shell/ 

commercial 
NaOH modified AC   901.0  0.490   [63] 

Coconut shell/ 
commercial 

NaOH-CTAB 
modified AC   

722.0  0.420   [63] 

Commercial CTAC modified AC   926.8  0.589 0.599  [64] 
Commercial Raw AC   1359.6  0.809 0.549  [64] 
Corn straw/ H3PO4 FeCl3 modified AC   217.87  0.429 3.470 C 53.24, H 1.32, N 0.52, O 14.95 [65] 
Corn straw/ H3PO4 Raw AC 600 ◦C, 1.5 h, H3PO4 85 %  563.93  1.087 2.260 C 75.81, H 1.01, N 0.75, O 10.89 [65] 
Almond shells/H3PO4 Magnetic AC   150.48    C 44.42, O 32.77, Na 0.7, S 0.64, Fe 

19.66 
[66] 

Almond shells/H3PO4 Raw AC 700 ◦C, 1 h, 1:1 H3PO4/ precursor  54.254     [66] 
Grape wood/H2SO4 Iron modified AC   1050.0  0.284 2.50 C 49.8, O 7.48, N 12.2 [67] 
Grape wood/H2SO4 Raw AC 550 ◦C, 2 h, 2 M H2SO4  1169.0  0.338 3.30 C 98.43, O 1.0, N 0.57 [67] 
Pine cones/H3PO4 Urea modified AC 100 % urea for 24 h at 110 ◦C, then at 350 ◦C, 3 h, 

50 ◦C/min  
449.0  0.20 2.200 C 67.0, H 2.3, N 13.0, O 17.6, pHPZC 

6.0 
[68] 

Pine cones/H3PO4 Raw AC 450 ◦C, 0.5 h, 2:1 H3PO4/precursor., 3 ◦C/min  1082.0  0.700 2.500 C 88.2, H 3.4, N 0.4, O 8.0, pHPZC 5.1 [68] 
Rice husk/K2CO3 Urea modified AC 950 ◦C, 1 h, 4:1 K2CO3/precursor, Ar flow  1330.0  1.337 4.020 C 92.3, O 5.16, Si 1.45, K 1.66 [69] 
P. aculeate sawdust/ 

H3PO4 

Urea modified AC 2:1 urea/AC, 110 ◦C, 24 h, 350 ◦C, 3 h, 50 K/min  308.0  0.170 2.20 C 67.5, H 3.2, O 16.2, N 13.1, pHPZC 

5.7 
[70] 

P. aculeate sawdust/ 
H3PO4 

Raw AC 450 ◦C, 0.5 h, 2:1 H3PO4/precursor  968.0  0.700 2.900 C 77.0, H 2.5, O 20.2, N 0.3, pHPZC 

5.1 
[70] 

P. aculeate sawdust/KOH Urea modified AC 2:1 urea/AC, 110 ◦C, 24 h, 350 ◦C, 3 h, 50 K/min  191.0  0.090 2.00 C 73.7, H 1.6, O 9.9, N 14.8, ash 11 %, 
pHPZC 6.9 

[70] 

P. aculeate sawdust/KOH Raw AC 800 ◦C, 2 h, 150 mL/min N2 flow, 1:1 KOH/ 
precursor  

768.0  0.370 1.900 C 74.7, H 0.5, O 24.3, N 0.5, pHPZC 

6.8, 
[70] 

C. manni naudin shells/ 
ZnCl2 

Amine modified AC   113.43  0.080 2.480 C 61.68, H 0.97, O 28.39, N 8.96, 
pHPZC 8.6 

[71] 

C. manni naudin shells/ 
ZnCl2 

Raw AC 698 ◦C, 0.5 h, 10 M ZnCl2  1008.99  0.590 2.020 C 71.55, H 0.39, O 27.07, N 0.99, 
pHPZC 7.0 

[71] 

Sucrose/H2SO4 Amino modified AC   599.82  0.467 2.440 C 60.91, O 37.88, N 1.22 [72] 
Sucrose/H2SO4 Raw AC 900 ◦C, 6 h  985.7  0.559 3.320 C 75.37, O 16.80, Na 7.83 [72] 
Coconut/commercial ZnCl2 modified AC 500 ◦C, 1 h, 2:1 ZnCl2/ precursor  567.52  0.253 0.492 C 37.61, O 0.9, Al 7.38, Mg 0.49, Ca 

53.61 
[73] 

Coconut/commercial Raw AC   876.75  0.404 0.518 C 74.75, O 6.14, Al 3.29, Mg 15.21, 
Ca 0.61 

[73] 

Lignite/commercial ZnCl2 modified AC   1261.4  0.973 3.560 pHPZC 5.9 [74] 
Coconut shell/steam ZnCl2 modified AC 500 ◦C, 1 h, 2:1 ZnCl2/ precursor  893.0  0.447  C 66.39, O 14.26, Cl 7.26, Zn 12.09 [59] 
Coconut shell/steam Raw AC   1144.0  0.416  C 89.65, O 5.64, Cl 0.69, Zn 4.02 [59] 
Strip moso bamboo/ 

H3PO4 

quaternary nitrogen 
(acetonitrile vapor) 
modified AC   

995.0  1.090 4.40 C 78.4, H 0.4, O 17.1, N 4.1 [75] 

Strip moso bamboo/ 
H3PO4 

Raw AC 500 ◦C, 1 h, 15 C/min, N2 flow, 6:1 H3PO4/ 
precursor  

1024.0  1.750 6.80 C 72.3, H 1.4, O 26.3, N 0.0 [75] 

Polyacrylonitrite fiber/ 
ZnCl2 

Quaternary nitrogen 
modified AC 

700 ◦C, 0.5 h, 4:1 ZnCl2/precursor  1140.0  0.560 2.00 C 82, H 0.5, O 12, N 4.7 [76] 

(continued on next page) 
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developed after modification [61]. For this purpose, several modifica
tions including acid, alkali, surfactant, magnetic, urea, amines, ZnCl2, 
and others (Table 1) were used to modify AC-based adsorbents in order 
to optimize the nitrate removal performance [62–82]. 

Acid modification of carbon is commonly used to oxidize the surface 
of porous carbon as it enhances the acidic characteristic or acidic groups 
(i.e., oxygenated groups with proton donors) and, eliminates the inor
ganic elements and affects the surface hydrophilicity [83]. Nitric and 
sulfuric acids are most extensively used for this purpose along with some 
other acids. Acid treatment was adopted to modify the surface and pore 
characteristics of a commercial AC [62]. First, ash was eliminated from 
AC, and the oxidation and outgassing steps were performed as follows: 
AC was rinsed with hydrochloric acid followed by fluoric acid to elim
inate ash from the carbon structure, frequently boiled with distilled 
water until constant pH, and dehydrated in oven at 110 ◦C. The ash 
content was declined from 5.5 % to 0.33 % after the de-ashing step, and 
no affecting minerals for nitrate adsorption could be found in the ash. 
The de-ashed AC was also treated with 8 M HNO3 solution for 6 h at 95 
◦C, frequently rinsed with distilled water, and calcined in air for 4 h at 
350 ◦C for complete decomposition of residual acid. The oxidized carbon 
was further outgassed at 900 ◦C to eliminate strong functional groups 

such as carboxyl and lactonic groups and was denoted as Ox-9OG AC. 
The pore properties, C and O contents, and acidic and basic group 
contents of de-ashed AC were 1146 m2/g and 0.612 cm3/g, 90.84 % and 
8.51 %, and 0.60 and 0.29 meq/g, respectively. After HNO3 modifica
tion these characteristics were 815 m2/g and 0.406 cm3/g, 80.16 % and 
18.80 %, and 2.61 and 0.06 meq/g, respectively. Both surface area and 
pores volume were declined; meanwhile oxygen content was consider
ably enhanced for oxidized carbon. The content of total acidic groups 
identified by Boehm titration was also enhanced after oxidation. The 
adsorption performance of Ox-9OG AC was 1.5 times more than that of 
de-ashed AC. Ox-9OG AC had the highest Langmuir capacity and affinity 
extent for nitrate adsorption despite its smaller surface area. The reason 
might be related to the existence of strong basic groups such as posi
tively charged quaternary nitrogen on Ox-9OG AC which could effi
ciently attract NO3

− anions. This behavior suggested that the surface 
properties had a significant role in NO3

− removal by AC compared to the 
pore properties [68]. 

Base (alkaline) treatment of AC can develop the porous structure 
which results in a high adsorption performance towards nitrate. In this 
regard, Mazarji et al. [63] modified coconut shell/steam-AC with so
dium hydroxide as follows: AC was pretreated by washing repeatedly 

Table 1 (continued ) 

Precursor/activator Adsorbent Preparation conditions Pore properties Elemental content (%) & other 
properties 

Ref. 

SBET 

m2/g 
Vt 

cm3/g 
dp 
nm 

Rice straw/steam KMNO4 modified AC   122.90  0.099  C 10.97, H 0.56, O 7.57, N, ash 65.8 
% 

[77] 

Rice straw/steam Raw AC 650 ◦C, 1 h, 5 mL/min steam 5 ◦C/min  76.20  0.064  C 31.0, H 1.21, O 1.42, N, ash 44.0 % [77] 
Almond shell/ 

commercial 
Zn modified AC   9.490 %  0.349 45.562 Zn 1.4, moisture 6.26 %, density 0.3 

g/cm3, pH 5.39 
[78] 

Almond shell/ 
commercial 

ZnSO4 modified AC   9.389 %  0.339 45.326 Zn 1.8, moisture 6.73 %, density 0.29 
g/cm3, pH 5.9 

[78] 

Almond shell/ 
commercial 

Raw AC   12.253 %  0.247 41.269 Zn 0, moisture 3.3 %, density 0.29 g/ 
cm3, pH 6.71 

[78] 

Petroleum pitch/ 
commercial 

(NH4)2S2O8 modified 
AC 

50 L/kg at 25 ◦C for 7 d, then 950 ◦C for 5 min 
under NH3gas  

770.0  0.350 1.80 C 84.0, H 0.61, O 9.0, N 6.42, pHPZC 4 [79] 

Petroleum pitch/ 
commercial 

Raw AC   1380.0  0.610 1.80 C 94.0, H 0.66, O 5.0, N 0.35, pHPZC 

7.1 
[79] 

Vetiver grass/KOH ZR/CTAB modified 
AC   

222.95  0.191 3.423 C 91.02, O 4.11, Br 3.92, Zr 0.94 [80] 

Vetiver grass/KOH Raw AC 850 ◦C, 30 min, 1:1 KOH/ precursor  1379.63  0.711 2.060 C 95.68, O 4.16, Br 0.09, Zr 0.07 [80] 
Bamboo/steam ZR/CTAB modified 

AC 
ZR/CTAB & AC mixing at 25 ◦C for 24 h, then 
drying at 70 ◦C for 24 h  

105.72  0.141 5.345  [58] 

Bamboo/steam Raw AC 850 ◦C, 1 h, 6.5 g/min steam, 10 ◦C/min  1073.98  0.608 2.266  [58] 
Commercial Fe2+, H2O2 modified 

AC   
895.1  0.472 2.10 C 81.16, O 12.80, Fe 2.34 [81] 

Commercial Raw AC   973.6  0.483 1.90 C 83.65, O 11.58, Fe 1.31 [81] 
Banana bract/H2SO4 Amine/Fe3O4 

modified AC 
600 ◦C, 12 h, H2SO4  135.45  1.234 7.514 C, N, O, Cl, Fe [82] 

Orange peel/H2SO4 Zn-Fe LDHs/AC 
composite 

600 ◦C, 12 h, 1 M H2SO4  157.90  0.231 7.412 C, N, O, Zn, Fe, pHPZC 6.1 [95] 

Apple branch/CO2 Mg/Al-LDHs AC 
composite   

257.64  0.161 6.250 C 43.71, H 1.97, O 14.6, N 0.65, Mg 
15.76, Al 6.24 

[60] 

Apple branch/CO2 Raw AC 500 ◦C, 2 h, CO2  526.34  0.437 3.29 C 80.96, H 1.81, O 10.68, N 1.42, Mg 
0.87, Al 0.94 

[60] 

Sewage sludge/ZnCl2 Magnetic Mg-Fe/ 
LDHs AC composite   

169.0  0.210 1.820 C 12.6, O 34.8, Mg 13.3, Fe 55.3, Si 
1.5 

[96] 

Muskmelon peel/H2SO4 ZnFe2O4/AC 
composite 

500 ◦C, 2 h, 1.5:1 H2SO4/ precursor  82.91  0.021 2.580 C, N, O, Zn, Fe, pHPZC 7.24 [97] 

Coal/commercial Fe2O3/AC composite   1012.0  0.649 1.283 pHPZC 5.0 [98] 
Coal/commercial Raw AC   922.0  0.614 1.284 pHPZC 6.9 [98] 
Commercial Zeolite 5 A/AC 

composite   
728.6  0.342   [99] 

Soya bean husk/H2SO4 Zr4+ embedded 
chitosan/AC 
composite 

500 ◦C, 1 h, 2:1 H2SO4/precursor, 50 ◦C/min  147.85  0.227 7.324 C53.73, N 6.43, O 34.67, Cl 3.68, Zr 
1.49 

[100] 

Pine cone/H3PO4 Zero valent iron/AC 
composite 

500 ◦C, 1 h, 3:1 H3PO4/ precursor, 25 mL/min N2, 
8 ◦C/min  

350.8    C 82.45, H 2.03, O 8.12, N 2.96, ash 
4.17 % 

[101] 

Commercial Polyaniline/AC 
composite   

260.5  0.280 4.23 C 82.93, N 8.28, O 7.03, P 0.43, Cl 
1.13, Fe 0.20 

[46] 

Coal fine slag/HCl Silica/AC composite 600 ◦C, 3.5 h, 21.8 % HCl  335.0  0.338 5.355 C 43.74 [102] 

SBET: BET surface area; Vt: total pore volume; dp: average pore size; C: carbon; H: hydrogen; O: oxygen; N: nitrogen; pHPZC: point of zero charge. 
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with warm distilled water to remove soluble species, and oven dried at 
60 ◦C overnight. Then, it was treated with 1.25 M NaOH solution under 
stirring for 7 h at 75 ◦C. The sample was then sequentially rinsed with 
0.5 M HCl and distilled water until elimination of all the salts. After that, 
the obtained sample was oven dehydrated at 60 ◦C overnight. Modified 
AC exhibited BET surface area, total pore volume, and micropore vol
ume of 901 m2/g, 0.490, and 0.400 cm3/g compared to 888 m2/g, 0.480, 
and 0.376 cm3/g for raw AC. The morphology of the ACs showed that 
the NaOH modification had developed the microporous structure of 
carbon. It could be due to the role of alkali in decomposition of some 
structural species in the coconut shell; thereby, the NaOH modified AC 
exhibited a clean surface relative to the raw AC. The high microporosity 
may be favorable for nitrate removal [75]. Furthermore, NaOH might 
solubilize most of the organic materials in water by reducing the inter
action forces between adsorbate and carbon surface, hence preventing 
them from interfering with nitrate adsorption. Consequently, the 
removal efficiencies of modified and raw ACs for nitrate ions were 17 % 
and 7.5 %, respectively. FTIR spectra of the raw and treated ACs dis
played a slight shifting in the positions of OH, C− O, and C––C functional 
groups. This indicated that the NaOH modification did not considerably 
alter the peaks’ positions of the raw AC relative to modified AC. 

Surfactants treatment enhances the surface hydrophobicity and can 
also provide the positively charged functionality which aids in the 
adsorption of anionic species in greater quantities. Cationic surfactants 
were extensively applied for treatment of AC-based adsorbents. In this 
regard, Allalou et al. [84] treated date stems/ZnCl2-derived AC with 
cationic cethyl trimethyl ammonium bromide (CTAB) surfactant, as 
follows: Raw AC was added to 100 mL of 30 mmol/L of CTAB solution 
and the mixture was agitated at 25 ◦C for 4 h. Modified AC was then 
filtered, rinsed with distilled water, and dehydrated at 105 ◦C. BET 
surface area of AC was declined from 1407 up to 569 m2/g after sur
factant modification, indicating the aggregation of ammonium groups 
on the external surface of AC. FTIR spectrum of the treated AC showed 
two novel bands in terms of tertiary amine and methyl (CH2) groups, 
which are not appeared in the spectrum of raw AC. These observations 
confirmed that CTAB was submitted onto the structure of modified AC. 
Consequently, an enhancement in nitrate adsorption from 14 % on the 
raw AC to 60 % on the CTAB-AC was reported. The head group of 
cationic surfactant (CTA+) was adsorbed on the AC surface and provided 
additional positive active sites. Thus, nitrate anions were attracted on 

CTA+ and their removal was improved [80]. The scanning electron 
microscope (SEM) morphology showed a rough surface for the raw date 
stems with no pores. Meanwhile, AC exhibited a heterogeneous and 
porous structure. The porous structure of the AC surface was formed by 
the ZnCl2 evaporation during the activation step, which resulted in a 
larger surface area (1407 m2/g). Similar results were observed for the 
treatment of commercial AC by cationic surfactant, cetyltrimethyl 
ammonium chloride (CTAC) [64]. The modified AC had surface area, 
total pore volume, and average pore radius of 926.80 m2/g, 0.589 
cm3/g, and 0.599 nm compared to 1359.6 m2/g, 0.809 cm3/g, and 
0.549 nm for virgin AC. The decrease in pore properties of AC after 
modification was due the partial existence of CTAC molecules in mi
cropores of AC which resulted in the blockage of pores. SEM images of 
virgin and modified ACs showed the appearance of some brighter area 
on the surface of modified AC relative to virgin AC which verified the 
presence of the CTAC molecules on the surface of AC. Adsorption per
formance of modified AC towards nitrate was about 3 (2.8) times more 
than that of virgin AC. The results confirmed that the CTAC treatment 
favorably affects the performance of AC adsorbent towards nitrate. This 
could be related to the electro-attraction of the nitrate anions towards 
active cationic adsorption sites of CTAC modified AC [58]. 

Magnetization has been considered as a promising way to enhance 
the functionality of AC adsorbent and also can develop its porous 
structure. For this purpose, iron materials such as FeCl3, FeSO4, Fe3O4, 
and others represent the common applied magnetic agents. For instance, 
Tan et al. [65] obtained magnetic corn straw/H3PO4 derived AC by 
using FeCl3 as magnetic agent. In brief, 5 g of AC was mixed with FeCl3 
solutions (consisting of 40 g FeCl3.6 H2O/ 500 mL ultrapure water) for 
24 h under stirring, and then oven-dehydrated for 12 h at 105 ◦C. BET 
surface area of magnetic AC (217.87 m2/g) declined compared to raw 
AC (563.93 m2/g). This result could be related to the iron complex 
which blocked the inner pores [67,85]. However, the O/C and (O +
N)/C ratios considerably enhanced to 0.281 and 0.291 for magnetic AC 
as compared to 0.154 and 0.144 for raw AC, respectively, indicating the 
enhancement of oxygenated groups. FTIR patterns of the AC adsorbents 
showed that the intensity of C–O and –OH peaks insignificantly 
enhanced for magnetic AC in comparison with raw one. In addition, the 
Fe–O band was observed in the magnetic adsorbents. These findings 
confirmed that the surface functionality of adsorbents were changed 
after modification and the oxygenated groups were enhanced (i.e. C–O 

Fig. 1. Scheme of the synthesis steps of amino-functionalized Naudin seed shells AC [71].  
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and –OH). The zeta potentials of all magnetic adsorbents considerably 
changed toward larger pH relative to raw AC, suggesting the develop
ment of positive charges at the magnetic AC surface. Therefore, the 
adsorption performance of magnetic AC towards NO3

– was 1.6 times 
more than that of raw AC due to the enhanced attraction between 
anionic NO3

– and positive charges of magnetic AC surface. The magnetic 
modification can also increase the surface area of AC, as explained by 
Arbabi et al. [66] for the modified almond shells/H3PO4 derived AC by 
magnetic Fe3+/Fe2+ solution. BET surface area of modified AC was more 
than twice that of raw AC, which might be related to the fact that iron 
particle was reacted with carbonaceous material within the pyrolysis 
[65,86]. Modified AC had an elemental content of 44.42 % C, 32.77 % O, 
and 19.66 % Fe. Moreover, the FTIR spectrum of magnetic AC showed a 
strong peak for iron bonds Fe-O. This resulted in a favorable adsorption 
of nitrate ions due to the developed porosity and functionality of 
modified AC structure. 

Nitrogen-enriched groups commonly impart the basicity to surface, 
which improves the attraction extent of porous carbon for anionic spe
cies. Treatment with urea, ethylenediamine and 3-aminopropyl trime
thoxysilane has been adopted for producing ACs with basic surface 
properties and high performance towards nitrate. For instance, Nunell 
et al. [68] modified pine cones/H3PO4-derived AC by saturated urea 
solution. Urea modified ACs exhibited a greater nitrogen content (13.0 
%) relative to that of the unmodified sample (0.4 %), along with an 
enhancement in pH and pHPZC values (from 3.8 & 5.1–4.5 & 6.0), 
meanwhile a decline in ash and carbon contents (1.6 % and 67.0 % 
relative to 4.1 % and 88.2 %) were evidenced for those ACs. Modified 
ACs showed 1.6 meq/g acidic oxygen groups and 0.5 meq/g basic sur
face functional groups compared to 1.7 meq/g acidic oxygen-containing 
groups with no basic groups for raw AC. In turn, urea treatment resulted 
in the development of basicity which could be related to the existence of 
nitrogen-containing groups such as amino and/or amidine groups. 
Consequently, the performance of urea treated AC adsorbent was about 
3 times more than that of raw AC. Similar results were observed for the 
amino-functionalized Cucumerupsi manni Naudin seed shells/ZnCl2 AC 
by using ethylenediamine (EDA) as modifying agent [71] and amino 
functionalized sucrose/H2SO4 AC by using 3-aminopropyl trimethox
ysilane [72]. The amino-functionalized Naudin seed shells AC was 
produced by oxidation followed by acyl chlorination and amidation 
steps, as schematically presented in Fig. 1. All of these post-treatment 
resulted in an enhancement in the adsorption performance towards ni
trate despite a noticeable reduction in the pore properties of the AC, 
probably due to the blockage of small pores by nitrogen species [71,87]. 
These observations indicate the significant role of the surface chemistry 
in nitrate removal by ACs. In particular, some basic oxygenated species 
along with N-containing groups, such as amidine and/or amino groups, 
could act as selective active sites for nitrate ions. Moreover, basic sites 
released from p-electrons on the graphitic like layers could receive 
specific protons leading to a positively charged surface and a noticeable 
raise in the adsorbed amount [70]. 

The literature also included the use of other chemicals such as ZnCl2 
[59,73,74], Zn, ZnSO4 [78], quaternary ammonium-based polymer 
[88], H2O2 [89], and CaCl2 [90,91] to modify AC-based adsorbents for 
removing nitrate. All of these chemicals resulted in an enhancement in 
the content of positively charged active sites in the structure of AC-based 
adsorbents which favored the attraction of anionic nitrate. For instance, 
Bhatnagar et al. [59] observed that the performance of ZnCl2 modified 
coconut AC adsorbent towards nitrate was enhanced up to 6 fold relative 
to unmodified AC. The reason was due to the presence of some zinc 
oxide in the form of a needle like structure (Fig. 2) in macro- and mes
opores of AC which favored the adsorption of nitrate anions. Other 
chemicals such as KMnO4 [61,77] exhibited an enhancement in the total 
pore volume and BET surface area. 

Chemical treatments have been widely applied for modifying the 
functionality and porosity of the AC-based adsorbents structure to 
improve adsorption efficiency. Nevertheless, a single treatment step 

may not be highly effective due to its specific role. Thus, the use of two 
or more combined treatment steps from different methods can provide 
the benefits of combining the merging the particular advantages of these 
steps [92]. 

In this regard, the alkali treatment has been extensively applied as an 
essential step in the combined treatment of AC-based adsorbents. This 
step enhances the reactivity of the carbon structure for further treatment 
steps. For instance, Mazarji et al. [63] sequentially modified coconut 
shell-AC with NaOH and a cationic cetyl trimethyl ammonium bromide 
(CTAB) surfactant to enhance its performance for the removal of nitrate 
from water. The values of BET surface area, micropores volume, and 
total pores volume for raw AC were 888 m2/g, 0.376 cm3/g, and 
0.480 cm3/g. These characteristics were 901 m2/g, 0.400 cm3/g, and 
0.490 cm3/g for alkali modified AC relative to 722 m2/g, 0.310 cm3/g, 
and 0.420 cm3/g for alkali-CTAB modified AC. The alkali modification 
develops the microporosity of AC structure. It could be related to the role 
of alkali in decomposition of some structural species of the coconut shell. 
The low BET surface area of two-steps modified AC might be due to the 
complete filling of some micropores with CTAB which resulted in a 
lowest micropore volume relative to other adsorbents [64]. FTIR spectra 
showed that two-steps modified AC had a variety of surface groups 
including − OH, C− C, C− O, and C–X groups. Moreover, a significant 
–CH2 group was also found which related to the CTAB loaded on two 
steps modified AC. High removal percentage of approximately 80 % was 
reported for nitrate on two steps treated AC compared to 7.5 % on raw 
AC and 17 % on alkali modified AC at an initial nitrate amount of 
40 mg/L, adsorbent dosage of 4 g/L, and 25 ◦C. The two steps modified 
AC exhibited the best performance relative to others in spite of its 
smallest micropore volume and surface area. This result indicated that 
the extent and type of active groups on AC surface had an essential role 
in nitrate removal [58]. In particular, the quaternary ammonium groups 

Fig. 2. SEM images of (a) untreated and (b) ZnCl2 treated coconut AC [59].  
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left on the AC surface after CTAB treatment, led to enhance the positive 
charges and improve the attraction extent for the anionic nitrate. 

Similar results were observed for the treatment of vetiver grass/KOH 
derived AC by combined metal salt and cationic surfactant steps using 
zirconium chloride octahydrate ZR, cetyltrimethyl ammonium bromide 
CTAB, respectively [80]. The BET specific surface area, total pore vol
ume, and average aperture for raw AC were 1379.63 m2/g, 
0.711 cm3/g, and 2.060 nm; for ZR modified AC were 1245.38 m2/g, 
0.617 cm3/g, and 1.980 nm; for ZR/CTAB modified AC were 
222.95 m2/g, 0.191 cm3/g, and 3.423 nm. The pore volume and surface 
area of ZR/CTAB/AC were highly declined because CTAB and ZR were 
submitted into the structure of AC; causing the blockage of pores. 
Nevertheless, ZR/CTAB/AC was obstructed greater than ZR/AC. The 
removal efficiency of nitrate by ZR/CTAB modified AC was 44.92 % 
compared to 5.32 % and 5.73 % for raw AC and ZR modified AC, 
respectively. This confirmed that raw AC had little influence on the ni
trate removal. The performance of ZR/CTAB/AC adsorbent was 

considerably enhanced in spite of the significant decline in its BET 
surface area. Cationic surfactants are widely utilized to enhance the 
number of positive charges on the AC surface to improve its ability for 
the adsorption of inorganic anions like nitrate [84]. FTIR spectra showed 
that ZR/CTAB/AC structure exhibited numerous surface groups such as 
–COO and C–H which played an essential role in the removal of con
taminants. Functional groups enriched structure was also observed for 
magnetic amino functionalized banana bract/H2SO4 AC synthesized via 
combined magnetization and amine-crosslinked steps (Fig. 3). Several 
groups including Fe–O, F–OOH, C–N, and –NH2 were introduced into the 
structure of AC which favored the adsorption of nitrate [82]. 

3.3. Activated carbon composite 

A composite consists of a developed structure of two or more com
ponents, which provides activity and support [93]. Moreover, these 
composites can exhibit favorable adsorption capability owing to their 

Fig. 3. Synthesis route of magnetic amino functionalized banana bract AC [82].  

Fig. 4. Synthesis route of CoFe2O4/ papaya seeds derived AC composite [105].  
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improved functionality and porosity [94]. In the literature [95–102], 
various materials were used for the preparation of AC composite ad
sorbents such as layered double hydroxides (LDHs), Fe2O3 nano
particles, zeolite, chitosan, and others (Table 1). 

LDHs have a favorable structure with large porosity and more posi
tively charges. Thus, the introducing of LDHs into AC can improve its 
surface charge and adsorption performance for anionic nitrate [95]. In 
this regard, Mg/Al-LDHs AC composite was prepared by co-precipitation 
process, as follows: Apple branch-biochar was added to 500 mL of 
0.03 M MgCl2 and 0.01 M AlCl3 solution (3:1 Mg/Al ratio). The mixture 
was then treated by 40 kHz ultrasonic dispersion for 6 h and stirred for 
6 h. The pH value of the sample was set to 8–9 by 0.2 M NaOH and 0.3 M 
Na2CO3 solutions. The obtained black sample (Mg/Al-LDHs with bio
char) was placed in a Teflon autoclave and exposed to a hydrothermal 
treatment for 4 h at 120 ◦C, then filtered and rinsed repeatedly with 
deionized water. After that, the solid sample was introduced into a 
muffle furnace and exposed to calcination under CO2 flow for 1 h at 
500 ◦C to produce Mg/Al-LDHs AC composite which was denoted as 
AMB [60]. SBET and total pore volume as well as average pore width 
were 257.64 m2/g, 0.161 cm3/g, and 6.25 nm for AMB compared to 
526.34 m2/g, 0.437 cm3/g, and 3.29 nm for AB. Thus, the pore volume 
and SBET of AMB declined while the average pore width enlarged relative 
to AB, which indicated that the loaded Mg/Al-LDHs had filled the voids 
on the surface of AC [103]. The enlargement in pore width of AC might 
be due to the higher pore width of the Mg/Al-LDHs. The elemental 
contents were 43.71 % C, 1.97 % H, 14.60 % O, 0.65 % N, 15.76 % Mg, 
and 6.24 % Al for AMB relative to 80.96 % C, 1.81 % H, 10.68 % O, 1.42 
% N, 0.87% Mg, and 0.94 % Al for AB. Clearly, the contents of C and N 
for AMB were considerably smaller than those for AB, while the contents 
of O, H, Mg, and Al for AMB were larger, suggesting the well modifi
cation of the AB surface with the Mg/Al-LDHs. Since the later contains 
Mg2+ and Al3+ as well as –OH, after the loading of Mg/Al-LDHs on the 
AB surface, the extents of these elements enhanced and the content of C 
declined. The values of pH and CEC were 9.17 and 126.31 cmol/kg for 
AMB relative to 8.12 and 64.82 cmol/kg for AB. The higher values of pH 
and CEC for AMB relative to those for AB indicated the specific char
acteristics of AB and Mg/Al-LDHs materials in a composite because 
Mg/Al-LDHs had alkaline and interlayer ion exchange natures [96]. The 
FTIR spectrum of AMB showed that relative to AB, the intensities of the 
–COOH and –OH groups were considerably increased, which 
confirmed the attachment of the Mg/Al-LDHs to the surface of AB. 
Furthermore, the peak extent of C––O groups was obviously reduced for 
AMB relative to AB due to the consumption of these groups and the 
formation of metal-oxygen bonds during interlayer anion calcination 
[104]. This was clearer in AMB, where combination with the 
Mg/Al-LDHs provided more positively charged active sites on the sur
face, which enhanced the NO3

− adsorption. The average uptake of AMB 
for NO3

− is 7.43 times that of AB, and the average adsorption rate for 
NO3

− increased from 13 % to 83 %. 
Magnetic materials such as iron oxides in terms of Fe2O3 or Fe2O4 can 

be introduced into the AC structure to obtain a composite adsorbent 
which will merge the large uptake of composite and the separation 
capability of magnetic compounds [97]. The iron oxide offers a high 
extent of adsorption sites and comparatively improves the pore prop
erties of the adsorbent [105]. Thus, magnetic AC composites have 
received the interest of numerous researchers as adsorbents with easier 
separation and high removal efficiency for nitrate pollutant. Mehrabi 
et al. [98] prepared Fe2O3/ coal-derived AC composite by contacting 
raw AC with 140 mL of 3 M FeCl3 at 56 ◦C for 48 h under stirring at 
180 rpm. Then, the composite rinsed with deionized water frequently 
until the filtrate reached a fixed pH as well as no detected iron. The 
composite was then oven dehydrated at 100 ◦C overnight. The BET, total 
pore volume, average pore radius, and pHPZC were 1012 m2/g, 
0.649 cm3/g, 12.83 Å, and 5.0 for Fe-AC relative to 922 m2/g, 
0.614 cm3/g, 12.84 Å, and 6.9 for AC. According to results, modification 
enhanced the pore volume and surface area, which could relate to the 

removal of impurities from the structure of AC. Furthermore, pHPZC of 
Fe-AC was declined relative to AC which suggested more positive charge 
on the composite adsorbent. The FTIR spectra exhibited a raise in the 
extent of Fe-O-H group in Fe-AC composite relative to AC which 
affirmed the existence of more. Moreover, a new Fe-O group was 
observed in Fe-AC structure. These functional Fe- containing groups 
confirmed that Fe2O3 nanoparticles were efficiently loaded on AC sur
face [65]. The elemental analysis showed that Fe-AC structure consisted 
of 16.8 % Fe which affirmed the effective coating of iron on AC. SEM 
results showed that Fe-AC had fewer impurities relative to the AC which 
indicated their removal after the modification. From the Langmuir 
model, maximum uptakes were 17.7305 and 11.0132 mg/g for Fe-AC 
and AC, respectively. The removal efficiency was also considerably 
improved from 63.8 % to 91.3 %. The results revealed that the com
posite adsorbent had large performance for the removal of nitrate 
relative to AC adsorbent. Development of nitrate removal was due to the 
influence of treatment with iron materials that rinsed impurities and 
enhanced the positive charges of AC with Fe3+. These charges resulted in 
a large affinity towards nitrate anions [81]. Another team by Karthi
keyan et al. [105] prepared CoFe2O4/ papaya seeds derived AC com
posite according to the synthesis route presented in Fig. 4. The 
composite showed high adsorption performance towards nitrate owing 
to its favorable functionality and porosity. 

Zeolite /AC composite has excellent cation exchange capacity and 
superior adsorption capacity due to zeolite and activated carbon. Hong 
& Suh [99] evaluated the possibility of nitrate removal from water using 
the zeolite/AC composite. The composite or zeocarbon consisted of a 
blend of zeolite 5 A and AC. HCl pretreatment was performed for this 
composite in order to enhance its mechanical and structural properties. 
The performance of zeocarbon (surface area 728.6 m2/g) for nitrate 
removal was compared with an acid pretreated commercial AC (surface 
area: 850 m2/g) and zeolite 5 A (surface area: 550 m2/g). The adsorp
tion performance was 55.5 % for zeocarbon compared to 0 % for zeolite 
and 64.5 % for AC. Zeolite showed no removal for nitrate, meanwhile AC 
exhibited high adsorption performance owing to its large surface area 
[49]. On the other hand, the treated zeocarbon also showed high 
adsorption performance toward nitrate relative to the commercial ad
sorbents. This behavior could be related to the fact that the zeocarbon 
had the properties of ion exchange by Ca2+ and adsorption capability of 
zeolite and AC, respectively. 

Chitosan is a cost-effective, quite abundant, and eco-friendly 
biopolymer. It has a structure of large pore size and large extent of 
amino and hydroxyl surface groups. Thus, incorporation of chitosan into 
AC structure can further improve the functionality of AC and its per
formance for attracting pollutants of large molecules [94]. Moreover, 
incorporation of AC into the structure of chitosan is an effective step to 
enhance its mechanical strength and thermochemical stability. CS-AC 
structure has the advantages of porous nature and preferable strength. 
In this regard, Banu et al. [100] prepared Zr4+ ions modified 
chitosan-soya bean husk/H2SO4 AC composite for nitrate removal, as 
follows: 10 g of chitosan was uniformly dissolved in 500 mL of 2 % 
acetic acid solution, mixed with 5 g of AC, and continually agitated for 
5 h to produce a homogenous sample of AC dispersed in the chitosan gel. 
CS-SAC composite was formed by dropping the dispersed sample into 
the 1 M NaOH solution and was left for 24 h. The composite was then 
rinsed repeatedly with distilled water until the filtrate had pH 7. The wet 
composites were exposed to cross-linking with 2.5 wt% glutaraldehyde 
solution, immersed in 5 % ZrOCl2⋅8 H2O solution for 24 h to produce 
Zr4+ ions modified CS-SAC composites, and rinsed twice with distilled 
water to eliminate surplus free ions. The sample was then dehydrated at 
room temperature to produce Zr-CS-SAC composite. FTIR spectra of 
Zr-CS-SAC exhibited the Zr− N and Zr-O-C groups which confirmed that 
Zr4+ ions were loaded onto the composite. Around 38.2 mg/g uptake of 
nitrate was reported in 45 min on Zr-CS-SAC. Meanwhile, for CS-SAC the 
nitrate uptake was 24.2 mg/g indicated that the removal performance of 
Zr-CS-SAC was higher than CS-AC which could be related to higher 
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Table 2 
Isotherm study conditions and results of nitrate ions removal using different AC-based adsorbents.  

Precursor/activator Adsorbent Isotherm conditions qmax 

(mg/g) 
Isotherm Ref. 

Finnish wood chips/CO2 Raw AC 5 g/L, rT, 24 h, pH 4, 10–140 mg/L  11.198 Langmuir [45] 
Coconut shells/ Steam Raw AC 5 g/L, rT, 24 h, pH 4, 10–140 mg/L  14.599 Langmuir [45] 
Olive jift/ZnCl2 Raw AC 20 g/L, 20 ◦C, 24 h, pH 4, 100–300 mg/L  5.525 Langmuir [118] 
Sugar beet bagasse/ZnCl2 Raw AC 2 g/L, 45 ◦C, 6 h, pH 6.58, 10–200 mg/L  27.55 Langmuir [51] 
P. aculeate sawdust/H3PO4 Raw AC 10 g/L, 25 ◦C, h, pH 2, 0.1–6 mmol/L  6.82 Langmuir [70] 
P. aculeate sawdust/KOH Raw AC 10 g/L, 25 ◦C, h, pH 2, 0.1–6 mmol/L  18.60 Langmuir [70] 
Finnish wood chips/ZnCl2 Raw AC 5 g/L, rT, 24 h, pH 6, 25–125 mg/L  80.0 Langmuir [55] 
P. juliflora branches/H2SO4 Raw AC 1 g/L, 30 ◦C, 1 h, pH 6.7, 1–100 mg/L  10.989 Langmuir [52] 
Sugar cane bagasse/ H3PO4 Raw AC 10 g/L, 25 ◦C, 0.5 h, pH 4, 5–40 mg/L  18.502 Freundlich [119] 
Coconut/commercial Raw AC 10 g/L, 20 ◦C, 12 h, pH n, 5–100 mg/L  0.28 Freundlich, Langmuir [73] 
Commercial Raw AC 66.7 g/L, 20 ◦C, 1 h, pH 6.5, 50–175 mg/L  0.542 Freundlich [120] 
Orange peel/H3PO4 Raw AC g/L, ◦C, h, pH 2, 0.05–8 mmol/L  18.91 Langmuir [47] 
Almond shells/steam Raw AC g/L, ◦C, h, pH 2, 0.05–8 mmol/L  55.56 Langmuir [47] 
Oil palm shells/H3PO4-steam Raw AC 5 g/L, rT, 80 min, pH 2, 20–100 mg/L  65.488 Langmuir [48] 
Oil palm shells/KOH-steam Raw AC 5 g/L, rT, 80 min, pH 2, 20–100 mg/L  68.166 Langmuir [48] 
Rice husk/NaOH Raw AC 2 g/L, 20 ◦C, 3 h, pH, 50–400 mg/L  86.20 Redlich-Peterson, Langmuir [49] 
Sucrose Raw AC 0.24–0.96 g/L, 21 ◦C, 10 h, pH 7–8, 2 mg/L  7.98 Freundlich, Langmuir [121] 
Bituminous coal/commercial Raw AC 0.24–0.96 g/L, 21 ◦C, 10 h, pH 7–8, 2 mg/L  6.38 Freundlich, Langmuir [121] 
Coal/commercial Raw AC 6.5 g/L, 25 ◦C, 24 h, pH 3, 25–200 mg/L  11.01 Langmuir [98] 
Bituminous coal/commercial Raw AC 2 g/L, ◦C, 24 h, pH 4, 0.1–1.0 mmol/L  17.98 Langmuir [122] 
G. globra residues/ZnCl2 Raw AC 4 g/L, 35 ◦C, 90 min, pH 2, 20–100 mg/L  142.58 Langmuir [56] 
Shrimp shell/ZnCl2 Raw AC 2.5 g/L, 25 ◦C, 10 min, pH 3, 10–150 mg/L  10.0 Langmuir, Freundlich [54] 
Coconut shell/commercial Raw AC 6.7 g/L, 30 ◦C, 20 h, pH 4, 0–450 mg/L  16.49 Langmuir [123] 
P. aculeate trunks /K2CO3 Raw AC 10 g/L, 25 ◦C, 300 min, pH 2, 0.1–6.0 mmol/L  21.08 Langmuir [57] 
P. aculeate trunks /NH4Cl Raw AC 10 g/L, 25 ◦C, 30 min, pH 2, 0.1–6.0 mmol/L  24.80 Freundlich [57] 
Coir pith/ZnCl2 Raw AC 4 g/L, 35 ◦C, 20 min, pH 3, 10–40 mg/L  10.3 Langmuir, Freundlich [50] 
C. carandas stems/H2SO4 Raw AC 1.3 g/L, 30 ◦C, 50 min, pH 7, 10–150 mg/L  55.56 Langmuir [113] 
Pomegranate peel/ H3PO4 +ZnCl2 Raw AC 5–80 g/L, 20 ◦C, 45 min, pH 7.2, 50–400 mg/L  78.125 Langmuir [114] 
Pine cones/H3PO4 Urea modified AC 10 g/L, 25 ◦C, pH 2, 0.1–8 mmol/L  27.90 Langmuir [68] 
Pine cones/H3PO4 Raw AC 10 g/L, 25 ◦C, pH 2, 0.1–8 mmol/L  9.92 Langmuir [68] 
Rice husk/K2CO3 Urea modified AC 1 g/L, 25 ◦C, 24 h, pH, 5–15 mg/L  8.10  [69] 
Coconut shell NaOH-CTAB modified AC 4 g/L, 25 ◦C, 2 h, pH 7, 40–200 mg/L  21.51 Langmuir [63] 
Commercial HNO3 modified AC 2 g/L, 25 ◦C, 24 h, pH n, 0.15–3.3 mmol/L  13.02 Langmuir [62] 
Corn straw/ H3PO4 FeCl3 modified AC 0.83 g/L, 25 ◦C, 24 h, pH 6, 0.5–50 mg/L  2.06 Freundlich [65] 
Corn straw/ H3PO4 Raw AC 0.83 g/L, 25 ◦C, 24 h, pH 6, 0.5–50 mg/L  1.28 Langmuir [65] 
Polyacrylonitrite fiber/ ZnCl2 Quaternary nitrogen modified AC 2 g/L, rT, 12 h, pH 3, 10–400 mg/L  57.66 Langmuir [76] 
Sucrose/H2SO4 Amino modified AC 3 g/L, 25 ◦C, 1 h, pH 7, 50–250 mg/L  48.78 Langmuir [72] 
Strip moso bamboo/H3PO4 quaternary nitrogen modified AC 2 g/L, rT, 12 h, pH 3, 0–200 mg/L  28.52  [75] 
Lignite Cationic polymer modified AC 2.5 g/L, 23 ◦C, 4 h, pH 6.65, 25–376 mg/L  27.56 Langmuir [88] 
Lignite Raw AC 2.5 g/L, 23 ◦C, 4 h, pH 6.65, 25–376 mg/L  14.25 Langmuir [88] 
Banana bract/H2SO4 Amine/Fe3O4 modified AC 2 g/L, 30 ◦C, 1.5 h, pH 7, 50–150 mg/L  75.815 Freundlich [82] 
Coal/commercial NH3 modified AC 2 g/L, 25 ◦C, 12 h, pH 5, 100–800 mg/L  31.40 Langmuir [124] 
Coal/commercial Raw AC 2 g/L, 25 ◦C, 12 h, pH 5, 100–800 mg/L  13.50 Langmuir [124] 
Coconut/commercial ZnCl2 modified AC 10 g/L, 20 ◦C, 12 h, pH n, 5–100 mg/L  14.01 Freundlich, Langmuir [73] 
Almond shell/commercial FeSO4 modified AC g/L, 20 ◦C, 2 h, pH 6.2, 0–20 mg/L  20.0  [125] 
Commercial CaCl2 modified AC 10 g/L, 25 ◦C, 1 h, pH 6, 5–40 mg/L  1.791 Langmuir [90] 
Lignite/commercial ZnCl2 modified AC 10 g/L, 25 ◦C, 24 h, pH 5, 5–150 mg/L  10.85 Langmuir, Freundlich [74] 
Coconut shell/steam ZnCl2 modified AC 10 g/L, 25 ◦C, 2 h, pH 5.5, 5–200 mg/L  10.26 Langmuir [59] 
Commercial CaCl2 modified AC 20 g/L, 25 ◦C, 2 h, pH 6, 10–20 mg/L  1.931 Redlich-Peterson [91] 
Date stems/ZnCl2 Surfactant modified AC 3 g/L, 25 ◦C, 0.5 h, pH 5.8, 100–600 mg/L  83.33 Langmuir, Freundlich [84] 
Grape wood/H2SO4 Iron modified AC 6 g/L, 25 ◦C, 72 h, pH 4, 25–150 mg/L  55.82 Langmuir [67] 
Grape wood/H2SO4 Raw AC 6 g/L, 25 ◦C, 72 h, pH 4, 25–150 mg/L  37.51 Freundlich [67] 
C. manni naudin shells/ZnCl2 Amine modified AC 1 g/L, 27 ◦C, 50 min, pH 3, 50–200 mg/L  192.92 Freundlich [71] 
Almond shells/H3PO4 Magnetic AC 0.5 mg, ◦C, 20 min, pH 4, 25–400 mg/L  58.47 Langmuir [66] 
Vetiver grass/KOH ZR/CTAB modified AC 6 g/L, 25 ◦C, 120 min, pH 3, 20–40 mg/L  5.365 Freundlich [80] 
Commercial CTAC modified AC 2.5 g/L, 25 ◦C, 30 min, pH 7, 10–150 mg/L  10.80 Freundlich [64] 
Commercial Fe3O4 modified AC 1 g/L, 20 ◦C, 60 min, pH 3, 50–300 mg/L  57.1 Langmuir [85] 
Rice straw/steam KMNO4 modified AC 4 g/L, 25 ◦C, 24 h, pH 3–9, 50 mg/L  19.70 Langmuir- Freundlich [61] 
Commercial FeCl3 modified AC 15 g/L, ◦C, 45 min, pH 7, 50–300 mg/L  28.90 Langmuir [126] 
Commercial Fe2+, H2O2 modified AC 1.5 g/L, 25 ◦C, 2 h, pH 4, 10–50 mg/L  43.10 Freundlich [81] 
Petroleum pitch/commercial (NH4)2S2O8 Modified AC 2 g/L, ◦C, h, pH 2.5, 0.81–6.45 mmol/L  0.58 Langmuir [79] 
Petroleum pitch/commercial Raw AC 2 g/L, ◦C, h, pH 2.5, 0.81–6.45 mmol/L  0.40 Langmuir [79] 
Coal fine slag Silica/AC composite 2.5 g/L, 20 ◦C, 10 h, pH 6, 5–35 mg/L  11.45 Langmuir [102] 
Soya bean husk/H2SO4 Zr4+ embedded chitosan/AC composite 2 g/L, 30 ◦C, 45 min, pH 7, 50–300 mg/L  90.09 Freundlich [100] 
Banana bract/H2SO4 Zn-Al LDHs/AC composite 2 g/L, 30 ◦C, 40 min, pH 6, 50–150 mg/L  73.23 Freundlich [127] 
Commercial Polyaniline/AC composite 10 g/L, 25 ◦C, 2 h, pH 6, 25–200 mg/L  11.04 Sips [46] 
Pine cone/H3PO4 Zero valent iron/AC composite 10 g/L, 25 ◦C, 250 min, pH 6, 20–320 mg/L  26.40 Langmuir- Freundlich [101] 
Papaya seeds/H2SO4 CoFe2O3/AC composite 2 g/L, 30 ◦C, 40 min, pH 5.3, 50–150 mg/L  78.981 Freundlich [105] 
Sewage sludge/ZnCl2 Magnetic Mg-Fe/LDHs AC composite 5 mg, 25 ◦C, 250 min, pH 3, 10–50 mg/L  46.3 Langmuir, Freundlich [96] 
Muskmelon peel/H2SO4 ZnFe2O4/AC composite 2 g/L, 30 ◦C, 2 h, pH 5.6, 50–150 mg/L  75.587 Freundlich [97] 
Coal/commercial Fe2O3/AC composite 6.5 g/L, 25 ◦C, 24 h, pH 5.5, 25–200 mg/L  17.42 Langmuir [98] 
Apple branch/CO2 Mg/Al-LDHs AC composite 0.05 g/L, 25 ◦C, 6 h, pH 3,0–100 mg/L  156.84 Freundlich [60] 
Orange peel/H2SO4 Zn-Fe LDHs/AC composite 2 g/L, 30 ◦C, 1.5 h, pH 6, 50–150 mg/L  71.18 Freundlich [95]  
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functionality and porosity of Zr-CS-SAC composite. ZrOCl2⋅8 H2O 
interacted with the surface groups of chitosan and also Zr4+ ions entered 
the pores of AC which improved the adsorption sites. Zr4+ ions, NH3+, 
and OH2+ also offered the positive surface charge which favored the 
attraction of nitrate [58]. 

Section 3 shows that chemical activation is the extensively used 
technique for production of raw ACs as adsorbents for nitrate. In this 

regard, ZnCl2 and H3PO4 are the most widely applied chemical agents. 
From the data (Table 1), these agents exhibit maximum surface areas of 
1826.0 and 1090.0 m2/g for ACs derived from sugar beet bagasse and 
orange peel, respectively. Alkalis, acids, surfactants, magnetic agents, 
urea, amines, etc. are utilized as modifying agents for raw ACs. Among 
these, surfactants as well as magnetic and nitrogen-containing com
pounds represent the most applied and highly efficient agents for this 

Table 3 
Kinetic study conditions and results of nitrate ions removal using different AC-based adsorbents.  

Precursor/activator Adsorbent Kinetic conditions Equilibrium time Rate constant 
k2 g/mg.min 

Kinetic Ref. 

Finnish wood chips/CO2 Raw AC 5 g/L, rT, 1 min-24 h, pH 4, 10 mg/L 24 h 5.619 PSO [45] 
Coconut shells/ Steam Raw AC 5 g/L, rT, 1 min-24 h, pH 4, 20 mg/L 24 h 0.0537 PSO [45] 
Olive jift/ZnCl2 Raw AC 20 g/L, 20 ◦C, 0–150 min, pH 4, 200 mg/L 90 min 0.0483 PSO [118] 
Finnish wood chips/ZnCl2 Raw AC 5 g/L, rT, 1 min-24 h, pH 6, 25 mg/L 24 h 0.046 PSO [55] 
Commercial Raw AC 10 g/L, ◦C, 0–300 min, pH 2, 100 mg/L 45 min 0.280 PSO [130] 
Sugar beet bagasse/ZnCl2 Raw AC 2 g/L, 45 ◦C, 25–360 min, pH 6.58, 100 mg/L  0.0011 PSO [51] 
P. juliflora branches/H2SO4 Raw AC 1 g/L, 30 ◦C, 0–300 min, pH 6.7, 50 mg/L 60 min 0.0199 PSO [52] 
Sugar cane bagasse/ H3PO4 Raw AC 10 g/L, 25 ◦C, 10–90 min, pH 4, 25 mg/L 30 min 2.6873 PSO [119] 
Coal/commercial Raw AC 2 g/L, 25 ◦C, 0–28 h, pH 5, 200 mg/L 6 h 0.0031 PSO [124] 
Commercial Raw AC 66.7 g/L, 20 ◦C, 45–120 min, pH 6.5, 100 mg/L 60 min 0.115 PSO [120] 
Oil palm shells/H3PO4- 

steam 
Raw AC 5 g/L, rT, 5–80 min, pH 2, 10 mg/L 70 min 5.433 PSO [48] 

Oil palm shells/KOH-steam Raw AC 5 g/L, rT, 5–80 min, pH 2, 10 mg/L 70 min 5.014 PSO [48] 
C. carandas stems/H2SO4 Raw AC 1.3 g/L, 30 ◦C, 0–60 min, pH 7, 10 mg/L 50 min 0.019 PSO [113] 
Pomegranate peel/ H3PO4 

+ZnCl2 

Raw AC 5–80 g/L, 20 ◦C, 0–120 min, pH 7.2, 100 mg/L 45 min 0.0027 PSO [114] 

P. aculeate trunks /K2CO3 Raw AC 10 g/L, 25 ◦C, 0–400 min, pH 2, 1.61 mmol/L 300 min 0.0161 PSO [57] 
P. aculeate trunks /NH4Cl Raw AC 10 g/L, 25 ◦C, 0–400 min, pH 2, 1.61 mmol/L 30 min 0.0726 PSO [57] 
Rice husk/NaOH Raw AC 2 g/L, 20 ◦C, 0–3 h, pH, 50–400 mg/L 1 h 0.0072–0.0048 PSO [49] 
Coir pith/ZnCl2 Raw AC 4 g/L, 35 ◦C, 0–15 min, pH 3, 10–40 mg/L 5 min 3.1969–1.8146 PSO [50] 
Rice straw/Na2CO3 Raw AC 2.5 g/L, 25 ◦C, 0–24 h, pH˃7, 50 mg/L 10 h 0.0028 PSO [53] 
Sucrose Raw AC 0.96 g/L, 21 ◦C, 0–100 min, pH 7–8, 2 mg/L  0.070 PSO [121] 
Shrimp shell/ZnCl2 Raw AC 2.5 g/L, 25 ◦C, 0–60 min, pH 3, 20 mg/L 10 min 0.540 PFO [54] 
G. globra residues/ZnCl2 Raw AC 4 g/L, 35 ◦C, 0–300 min, pH 2, 50 mg/L 90 min 0.020 PSO [56] 
Lignite Cationic polymer modified AC 2.5 g/L, 23 ◦C, 0–240 min, pH 6.65, 43.2 mg/L 90 min 0.006 PSO [88] 
Lignite Raw AC 2.5 g/L, 23 ◦C, 0–240 min, pH 6.65, 43.2 mg/L 90 min 0.018 PSO [88] 
Banana bract/H2SO4 Amine/Fe3O4 modified AC 2 g/L, 30 ◦C, 0–90 min, pH 7, 50–150 mg/L 40 min (100 mg/L) 0.487–0.391 PSO [82] 
Coconut/commercial ZnCl2 modified AC 10 g/L, 20 ◦C, 0–12 h, pH n, 10–100 mg/L 60 min 0.0034–0.0009 PSO [73] 
Rice straw/steam KMNO4 modified AC 2 g/L, rT, 0–24 h, pH, 50 mg/L 10 h 0.0045  [77] 
Lignite/commercial ZnCl2 modified AC 10 g/L, 25 ◦C, 1–120 min, pH 5, 25–115 mg/L 30–90 min 0.482–0.036 PSO, 

PFO 
[74] 

Coconut shell/steam ZnCl2 modified AC 10 g/L, 25 ◦C, 5–60 min, pH 5.5, 25, 50 mg/L 60 min 0.0791, 0.0260 PSO [59] 
Commercial CaCl2 modified AC 20 g/L, 25 ◦C, 5–120 min, pH 6, 10, 20 mg/L 60, 30 min 25.80, 37.30 PSO [91] 
Date stems/ZnCl2 Surfactant modified AC 1 g/L, 25 ◦C, 0–30 min, pH 5.6, 100 mg/L 5 min 0.209 PSO [84] 
Grape wood/H2SO4 Iron modified AC 6 g/L, 25 ◦C, 5–60 min, pH 4, 150 mg/L 35 min 0.0047 PSO [67] 
C. manni naudin shells/ 

ZnCl2 

Amine modified AC 1 g/L, 27 ◦C, 0–90 min, pH 3, 50 mg/L 50 min 0.266 PFO [71] 

Vetiver grass/KOH ZR/CTAB modified AC 6 g/L, 25 ◦C, 0–120 min, pH 3, 20–40 mg/L 60 min 0.439–1.028 PSO [80] 
Commercial CTAC modified AC 2.5 g/L, 25 ◦C, 0–270 min, pH 7, 20 mg/L 30 min 0.079 PSO [64] 
Commercial Fe3O4 modified AC 1 g/L, 20 ◦C, 0–180 min, pH 3, 100 mg/L 60 min 0.002 PSO [85] 
Rice straw/steam KMNO4 modified AC 2.5 g/L, 25 ◦C, 0–24 h, pH 3–9, 50 mg/L 10 h 0.0045 PSO [61] 
Commercial Fe2+, H2O2 modified AC 1.5 g/L, 25 ◦C, 0–2 h, pH 4, 10–50 mg/L 1 h 0.005–0.0018 PSO [81] 
Coconut shell NaOH-CTAB modified AC 4 g/L, 25 ◦C, 0–9 h, pH 7, 40–80 mg/L 2 h 0.0022–0.0018 PSO [63] 
Corn straw/ H3PO4 FeCl3 modified AC Magnetic 0.83 g/L, 25 ◦C, 0–24 h, pH 6, 30 mg/L 4 h 0.0016 PSO [65] 
Corn straw/ H3PO4 Raw AC 0.83 g/L, 25 ◦C, 0–24 h, pH 6, 30 mg/L 4 h 0.0013 PSO [65] 
Sucrose/H2SO4 Amino modified AC 3 g/L, 25 ◦C, 0–120 min, pH 7, 100 mg/L 5 min 0.0324 PSO [72] 
Strip moso bamboo/H3PO4 quaternary nitrogen modified 

AC 
2 g/L, rT, 0–20 min, pH 3, 200 mg/L 8 min 0.0374 PSO [75] 

Apple branch/CO2 Mg/Al-LDHs AC composite 0.05 g/L, 25 ◦C, 0–24 h, pH 3, 60 mg/L 6 h 0.010 PSO [60] 
Orange peel/H2SO4 Zn-Fe LDHs/AC composite 2 g/L, 30 ◦C, 0–90 min, pH 6, 50–150 mg/L 30 min (100 mg/L) 0.0914–0.0983 PSO [95] 
Pine cone/H3PO4 Zero valent iron/AC composite 10 g/L, 25 ◦C, 0–24 h, pH 6, 100 mg/L 250 min 0.016 PSO [101] 
Sewage sludge/ZnCl2 Magnetic Mg-Fe/LDHs AC 

composite 
5 mg, 25 ◦C, 0–360 min, pH 3, 10–50 mg/L 250 min 0.0184–0.0322 PFO [96] 

Coal/commercial Fe2O3/AC composite 6.5 g/L, 25 ◦C, 10–60 min, pH 5.5, 150 mg/L 60 min 0.0790 PSO [98] 
Muskmelon peel/H2SO4 ZnFe2O4/AC composite 2 g/L, 30 ◦C, 0–120 min, pH 5.6, 50–150 mg/L 50 min (100 mg/L) 0.489–0.164 PSO, 

IPD 
[97] 

Papaya seeds/H2SO4 CoFe2O3/AC composite 2 g/L, 30 ◦C, 0–120 min, pH 5.3, 50–150 mg/L 40 min (100 mg/L) 0.476–0.387 PSO, 
IPD 

[105] 

Coal fine slag Silica/AC composite 2.5 g/L, 20 ◦C, 0.5–10 h, pH 6, 20 mg/L 10 h 0.7617 PSO [102] 
Soya bean husk/H2SO4 Zr4+ embedded chitosan/AC 

composite 
2 g/L, 30 ◦C, 5–70 min, pH 6.4, 100–200 mg/L 45 min (100 mg/L) 0.022–0.029 PSO [100] 

Banana bract/H2SO4 Zn-Al LDHs/AC composite 2 g/L, 30 ◦C, 0–120 min, pH 6, 50–150 mg/L 40 min 0.111–0.141 PSO, 
IPD 

[127] 

Commercial Polyaniline/AC composite 10 g/L, 25 ◦C, 0–120 min, pH 6, 25–75 mg/L 30 min 0.187–0.0257 PSO [46] 

PSO: Pseudo-second order, PFO: Pseudo-first order, IPD: Intraparticle diffusion. 
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purpose. These modifications can improve the adsorption performance 
mainly by introducing new active groups (for example –CH2, Fe–O, and 
–NH2) and providing the positively charged functionality which favors 
the attraction of anionic nitrate. Moreover, some of the mentioned 
modifications such as magnetic can also improve the porosity. Another 
modification form is composite with materials like layered double hy
droxides (LDHs), iron oxides, zeolite, chitosan, etc. The combination 
with the most widely used materials such as LDHs and iron oxides 
provide more positively charged binding sites, which effectively 
enhance the nitrate adsorption. Iron oxides can also develop the porous 
structure of raw ACs. 

4. Adsorbents performance 

In general the performance of AC-based adsorbents towards nitrate is 
indirectly affected by their physical and chemical characteristics such as 
pore properties, elemental composition, pH, etc. These parameters are 
dependent on the preparation variables including activation tempera
ture, activation time, and amount and type of activating agent along 
with the type of activation method. Moreover, the performance directly 
depends on adsorption variables in terms of inlet adsorbate amount, 
adsorbent dose, solution pH, and temperature. 

4.1. Influence of preparation variables 

In adsorption processes, the capacity represents the most essential 
feature of an adsorbent which is mainly depended on its pore properties. 
Generally, the higher capacity of AC is related to the larger surface area 
so it is necessary to explore the variables which influence the activation 
extent and surface area [45]. Porous structure is improved by the acti
vation methods. Activation temperature and time, impregnation ratio, 
and activating agent type are the most significant variables for AC 
preparation. 

Activation temperature favorably affects the pore development. In 
this regrad, Pan et al. [54] tested the influence of activation temperature 
on pore and nitrate adsorption properties of shrimp shells/ZnCl2 derived 
AC. At constant impregnation ratio of 1:1 shell/ZnCl2 ratio, the raise in 
temperature from 400 ◦C to 600 ◦C exhibited an increase in BET surface 
area from 496.9 to 773.5 m2/g, total pore volume from 0.200 to 

0.290 cm3/g, and average pore radius from 0.630 to 0.750 nm. 
Elevating the activation temperature enhances the releasing of volatiles 
from the structure of precursor, causing an enhancement in the devel
opment of existing pores and creation of new pores [51,56]. Accordingly 
the adsorption performance towards nitrate for AC obtained at 600 ◦C 
was about 1.4 times more than that obtained at 400 ◦C. The activation 
step developed the porosity of the biochar precursor and thus provided 
more active sits in ACs’ structure, which considerably improved the 
capacity. 

However, higher activation temperature can destroy the porous 
structure of AC, as explained by Zhang et al. [49] who showed the in
fluence of activation temperature on the pore properties of rice husk-AC 
by NaOH activation. The values of surface area, pore volume, and 
average pore size were 2526, 2802, 1857 m2/g, 1.517, 1.690, and 
1.389 cm3/g, and 1.200, 1.210, and 1.500 nm for ACs obtained at 500, 
600, and 700 ◦C. Thus, the increase in surface area followed the order: 
AC600 > AC500 > AC700. This behavior could be due to the turning of 
many micropores into mesopores at 700 ◦C [41]. Consequently, the 
microporous AC600 had the highest surface area of 2802 m2/g. The ash 
contents of ACs were 3.94, 3.52, and 3.23 (wt%) at 500 ◦C, 600 ◦C, and 
700 ◦C. 

Activation time is an essential variable that identifies the sufficient 
contact between the precursor and activating agent under other specific 
activation conditions. Kilpimaa et al. [45] tested the influence of this 
parameter on the porous structure of AC prepared by the physical CO2 
activation of Finnish wood chips-biochar precursor. During the activa
tion at temperature of 800 ◦C, the increase in time from 1 to 3 h changed 
the pore properties from 353 m2/g, 0.340 cm3/g, and 3.86 nm into 
590 m2/g, 0.335 cm3/g, and 3.44 nm, respectively. The enhancement in 
BET surface area could be related to the increase in burn-off from 40.1 % 
to 55.2 % when duration of activation increased from 1 to 3 h. Ac
cording to the results, the activation time had a lower significant role in 
developing porosity compared to the activation temperature. 

Another variable, influencing the pore characteristics, is the ratio of 
impregnation. It is identified by the amount of the activator divided by 
the amount of the precursor. This parameter also favorably improves the 
pore properties of AC. In this regards, Demiral and Gündüzoğlu [51] 
explored the influence of impregnation ratio on the pore properties of 
sugar beet bagasse derived AC using of ZnCl2 as chemical agent. At 

Table 4 
Thermodynamic study conditions and results of nitrate ions removal using different AC-based adsorbents.  

Precursor/activator Adsorbent Thermodynamic conditions ΔH̊
(kJ/mol) 

ΔS̊
(J/mol.K) 

ΔG̊
(kJ/mol) 

Ref. 

Olive jift/ZnCl2 Raw AC 20 g/L, 10–40 ◦C, 24 h, pH 4, 100–300 mg/L -13.859 -43.795 -1.217 to − 0.028 [118] 
Commercial Raw AC 20 g/L, 10–40 ◦C, 24 h, pH 4, 100–300 mg/L -15.099 -62.518 2.798–4.582 [118] 
Sugar beet bagasse/ZnCl2 Raw AC 2 g/L, 25–45 ◦C, 6 h, pH 6.58, 10–200 mg/L 133.62 0.516 -20.75 to − 31.15 [51] 
P. juliflora branches/H2SO4 Raw AC 1 g/L, 20–40 ◦C, 1 h, pH 6.7, 1–100 mg/L 30.94 0.090 -3.26 to − 1.52 [52] 
Sugar cane bagasse/ H3PO4 Raw AC 10 g/L, 25–55 ◦C, 0.5 h, pH 4, 5–40 mg/L 7.486 -3.242 0.973–1.071 [119] 
Coir pith/ZnCl2 Raw AC 4 g/L, 35–60 ◦C, 20 min, pH 3, 10–40 mg/L 27.54 100.82 -3.197 to − 5.846 [50] 
Rice straw/Na2CO3 Raw AC 4 g/L, 25–55 ◦C, 24 h, pH˃7, 0–25 mg/L -12.8 -0.76 2.80–4.40 [53] 
C. carandas stems/H2SO4 Raw AC 1.3 g/L, 30–50 ◦C, 50 min, pH 7, 10–150 mg/L 16.1 97.27 − 13.37 to − 15.32 [113] 
G. globra residues/ZnCl2 Raw AC 4 g/L, 25–45 ◦C, 90 min, pH 2, 20–100 mg/L 15.555 114.36 -18.3 to − 20.8 [56] 
Coconut shell NaOH-CTAB modified AC 4 g/L, 25–45 ◦C, 2 h, pH 7, 40–200 mg/L -56.68 -132.0 -17.10 to − 14.44 [63] 
Sucrose/H2SO4 Amino modified AC 3 g/L, 25–45 ◦C, 1 h, pH 7, 50–250 mg/L -73.223 -245.589 -0.037–4.874 [72] 
Lignite Cationic polymer modified AC 2.5 g/L, 25–45 ◦C, 4 h, pH 6.65, 25–376 mg/L -21.45 30.32–100.2 -30.48 to − 31.88 [88] 
Banana bract/H2SO4 Amine/Fe3O4 modified AC 2 g/L, 30–50 ◦C, 1.5 h, pH 7, 50–150 mg/L 6.54 16.50 -6.81 to − 7.89 [82] 
Lignite/commercial ZnCl2 modified AC 10 g/L, 10–45 ◦C, 24 h, pH 5, 5–150 mg/L 6.13 26.95 -1.546 to − 2.490 [74] 
Coconut shell/steam ZnCl2 modified AC 10 g/L, 10–45 ◦C, 2 h, pH 5.5, 5–200 mg/L -13.16 -33.0 -4.01 to − 2.75 [59] 
Vetiver grass/KOH ZR/CTAB modified AC 6 g/L, 25–45 ◦C, 120 min, pH 3, 20–40 mg/L 6.201 0.011 -9.226 to − 9.409 [80] 
Commercial Fe3O4 modified AC 1 g/L, 20–45 ◦C, 60 min, pH 3, 50–300 mg/L 88.5 0.370 -2.98 to − 3.92 [85] 
Rice straw/steam KMNO4 modified AC 4 g/L, 25–55 ◦C, 24 h, pH 3–9, 50 mg/L -12.8 -0.76 2.80–4.40 [61] 
Muskmelon peel/H2SO4 ZnFe2O4/AC composite 2 g/L, 30–50 ◦C, 2 h, pH 5.6, 50–150 mg/L 6.76 16.5 -6.91 to − 7.88 [97] 
Soya bean husk/H2SO4 Zr4+ embedded chitosan/AC composite 2 g/L, 30–50 ◦C, 45 min, pH 7, 50–300 mg/L 52.36 0.18 -11.14 to − 9.31 [100] 
Banana bract/H2SO4 Zn-Al LDHs/AC composite 2 g/L, 30–50 ◦C, 40 min, pH 6, 50–150 mg/L 21.70 10.10 -6.76 to − 6.91 [127] 
Commercial Polyaniline/AC composite 10 g/L, 25–45 ◦C, 2 h, pH 6, 25–200 mg/L -11.84 55.52 -28.34 to − 29.47 [46] 
Orange peel/H2SO4 Zn-Fe LDHs/AC composite 2 g/L, 30–50 ◦C, 1.5 h, pH 6, 50–150 mg/L 27.80 0.010 -8.90 to − 9.03 [95] 
Papaya seeds/H2SO4 CoFe2O3/AC composite 2 g/L, 30–50 ◦C, 40 min, pH 5.3, 50–150 mg/L 8.67 16.91 -7.56 to − 7.89 [105] 
Sewage sludge/ZnCl2 Magnetic Mg-Fe/LDHs AC composite 5 mg, 25–45 ◦C, 250 min, pH 3, 10–50 mg/L 4.90 28.5 -3.64 to − 4.21 [96]  
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constant temperature of 700 ◦C, the increase in ZnCl2/bagasse ratio 
from 1 to 3 caused an increase in SBET from 1389 to 1826 m2/g, VT from 
0.650 to 0.966 cm3/g, and dP from 1.87 to 2.22 nm. However, Vmicro 
increased from 0.498 to 0.760 cm3/g with the change of impregnation 
ratio from 1 to 2, and then decreased to 0.711 cm3/g at ratio 3. The large 
quantity of ZnCl2 reduces the formation of tar formation and enhances 
the liberation of volatiles, thereby pore properties improved [106,107]. 
However, micropore volume increases with increasing impregnation 
ratio up to 2 and then it exhibits a pronounced decrease at ratio of 3. 
These observations indicated that as the ratio of impregnation is larger 
than 2, the high impeding in the formation of tar by the ZnCl2 caused the 
liberation of more volatiles from the structure of carbon. This led to a 
significant rise in pore enlargement. Numerous micropores were turned 
to mesopores. Accordingly, the surface area and micropore volume 
declined. The phenomenon of pore enlargement was also observed in the 
literature [108]. As the ZnCl2/bagasse ratio increased from 2 to 3, the 
micropore volume reduced from 85.15 % to 73.60 %. It was proposed 
that the ZnCl2 activator formed new pores and also enlarged existing 
pores, so that a considerable number of micropores turned into meso
pores. The average pore width enhanced from 1.87 to 2.22 nm with the 
ratio changing from 1 to 3. The influence of impregnation ratio on 
surface area was relatively less significant compared to the activation 
temperature. 

The increase of impregnation ratio can enhance the adsorption per
formance of AC towards nitrate, as explained by Najmi et al. [56] who 
studied the effect of impregnation ratio for nitrate removal by Glycyr
rhiza glabra residues derived AC through chemical activation using 
ZnCl2. At constant activation temperature of 850 ◦C, the increase in 
ZnCl2/residues ratio from 1:1–2:1, enhanced nitrate removal efficiency 
from 65.78 % to 79.12 %. The ZnCl2 develops microporosity and posi
tively charged surface functionality of AC structure; thus, the removal of 
nitrate would enhance by enlarging the ZnCl2/residues ratio [59]. 

The effect of activating agents on pore properties and performance of 
ACs was also included in the literature. Zhang et al. [49] prepared rice 
husk-AC with a high surface area of 2802 m2/g by NaOH activation. This 
value was higher than those reported for rice husk derived ACs by ZnCl2 
811 m2/g [109] and H3PO4 451.82 m2/g [110]. The ash contents of 
NaOH AC and ZnCl2 AC were 3.52 % and 27.8 %, respectively. NaOH AC 
showed a lower ash content relative to ZnCl2 AC due to the tendency of 
NaOH to react with SiO2 [43]. The results confirmed that NaOH acti
vation was an efficient way for producing ACs with large surface area 
small ash content. The amounts of ash in ACs were lower than the large 
amount of 12.5 % in rice husk. NaOH was reacted with SiO2 during the 
activation process which resulted in opening of blocked pores and 
reducing of ash content [111]. This suggested that NaOH could effi
ciently eliminate ash and enhance the porous structure of carbon. The 
morphology indicated that the carbon exhibited a developed structure 
with some mesopores and macropores heterogeneously spread on the 
surface. 

Another team [55] tested the chemical activation of Finnish wood 
chips-biochar to produce AC. Different activating agents were utilized 
such as HCl (0.1 M), H2SO4 (0.1 M), HNO3 (65 %), ZnCl2 (5 M), and 
KOH (5 M). The highest surface area of 285 m2/g was reported by ZnCl2 
(5 M) relative to 14.4 m2/g for carbon residue. During the activation 
step, carbon residue was treated with 5 M ZnCl2 solution at an 
impregnation ratio of 10:1 for 1 h. Cavities are created because of the 
ZnCl2 evaporation which demonstrates the enhancement in surface area 
[112]. The C content was 63.8 % for carbon residue and 61.8 % for AC, 
the H content was 1.7 % for carbon residue and 0.75 % for AC, the 
specific surface area was 14.4 m2/g for carbon residue and 285 m2/g for 
AC, the average pore size was 8.38 and 3.94 nm, and the total pore 
volume was 0.03 and 0.26 cm3/g. The performance in terms of removal 
% for activated carbon was about three times (3.0) more than that of 
carbon residue (precursor). In terms of qexp it is about 2.82 times that of 
carbon residue. 

Nunell et al. [70] explored the influences of H3PO4 and KOH on the 

physico-chemical characteristics of P. aculeata wood sawdust –AC. The 
textural properties of ACA were SBET of 968 m2/g, Vt of 0.70 cm3/g, 
Vmicro of 0.18 cm3/g, and dp of 2.9 nm compared to 768 m2/g, 
0.37 cm3/g, 0.27 cm3/g, and 1.9 nm for ACB. Textural parameters 
indicated that H3PO4 activation produced AC of largest total pore vol
ume and BET surface area relative to those reported for KOH. ACB 
exhibited the largest micropores volume; meanwhile the enrichment of 
mesopores recognized the ACA structure. The amounts of basic and 
acidic surface groups were 0.1 and 1.9 mmol/g for ACA and 0.7 and 
1.2 mmol/g for ACB. ACA had larger amount of acidic groups relative to 
the ACB. Moreover, only the ACB activated with KOH showed a signif
icant content of basic groups (0.7 mmol g1). In contrary, the ACA 
exhibited a small amount of basic groups (0.1 mmol/g). ACs with basic 
functionality can efficiently attract anionic specie, at low pH [71]. For 
H3PO4 AC the removal % and uptake were 30 % and 0.045 mmol/g. For 
KOH AC the removal% and uptake were 62.5 % and 0.10 mmol/g. From 
the Langmuir model, the magnitudes of qmax were 0.30 and 
0.11 mmol/g for base and acid AC. 

Kilpimaa et al. [45] adopted the physical activation technique to 
prepare AC from Finnish wood chips-biochar precursor. The influence of 
activation time on the characteristics of AC was tested. Physical acti
vation was performed by adopting two different activators in terms of 
CO and CO2. For CO2 and CO activations, the maximum BET surface 
area, pore volume, and average pore width were 590 m2/g, 
0.335 cm3/g, and 3.44 nm; and 133 m2/g, 0.205 cm3/g, and 6.16 nm at 
the conditions of 800 ◦C and 3 h. This result could be related to the high 
burn-off of 55.2 % in the case of CO2 activation as compared to 25.6 % 
for CO. 

For modified AC-based adsorbents, the effect of modifying agent 
amount on the performance for removal of nitrate was considered by 
researchers. For instance, Cho et al. [88] tested the influence of cationic 
polymer amount on nitrate removal by polymer modified AC (from 
lignite precursor). BET surface area of raw AC was reported as 
1159 m2/g. Polymer modification caused a decline in surface area, 
giving 1003, 945 and 492 m2/g as the amount of polymer changed to 
0.025 %, 0.25 % and 2.5 %, respectively. This behavior indicated that 
the polymer had blocked the pores and inhibited the access of adsorbate 
[81]. The nitrate uptake of AC enhanced from 4.71 to 9.16 mg/g as the 
amount of polymer enlarged from 0 % to 0.25 %, and removal perfor
mance enhanced approximately twice (43.75–86.25 %). It was sug
gested that the existence of quaternary ammonium surface groups 
played a key role in the enhancement of nitrate removal and the amount 
of surface groups on AC mainly depended on the ratio of AC to polymer. 
At 2.5 % polymer, the nitrate uptake of AC declined insignificantly to 
7.52 mg/g relative to 0.25 % (removal declined to 70.83 %). The 
decrease in removal performance could be due the hiding of active sites 
in AC pores by surplus polymer which consequently declined surface 
area available for adsorption. Also, the values of adsorption capacity for 
nitrate by Langmuir model (14.25 and 27.56 mg/g, respectively) use 
raw and modified ACs. 

4.2. Influence of adsorption variables 

The most significant variables that influence adsorption performance 
are inlet adsorbate amount, adsorbent dose, temperature, and solution 
pH. Each of these factors has a specified effect on the adsorption 
behavior of nitrate on AC-based adsorbents. 

Initial amount of nitrate and dosage of AC-based adsorbents exhibit a 
constant and different influence on the adsorption efficiency. The in
fluence of these parameters mainly depends on the relation between the 
amount of nitrate in the solution and the number of active sites on the 
AC-based adsorbents surface. In general, increasing the inlet nitrate 
amount can improve the adsorbed amount of nitrate. However, this 
increase causes a decline in removal percentage. For instance, Man
junath and Kumar [52] showed that increasing the inlet NO3

− amount 
from 1 mg/L to 100 mg/L exhibited an enhancement in capacity qe of 
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Prosopis juliflora branches derived AC adsorbent towards NO3
− from 

0.90 mg/g to 23.58 mg/g and a decrease in removal percentage from 
89.9 % to 23.6 %, respectively. This might be attributed to higher 
concentration gradient between the solution bulk and the adsorbent 
surface which caused the diffusion of more NO3

− ions towards the active 
sites of adsorbent and thereby leading to higher adsorptivity. On the 
other hand, the decline in removal was due to the little number of 
available active sites relative to the amount of NO3

– ions [80,85,113]. 
The increase in adsorbent dosage exhibits an opposite effect on the 
adsorption performance as compared to initial NO3

− concentration. In 
this regard, Mazarji et al. [63] reported that as the dosage of 
NaOH-CTAB modified AC raised from 1 to 10 g/L, the uptake reduced 
from 11 to 3.3 mg/g, whereas the removal of nitrate enhanced from 25 
% to 83 %. This could be due to the decrease of the driving force with the 
enlargement of the adsorbent/adsorbate ratio [61,64]. However, the 
increased removal percentage might be attributed to the existence of 
more adsorption sites with increasing of adsorbent dose at constant NO3

−

concentration and volume [81]. 
Solution pH is another parameter that affects the removal perfor

mance of AC-based adsorbents for NO3
− ions by changing the electro

static interaction type between the adsorbents and NO3
− ions. In the 

literature, two behaviors have been reported for the influence of solu
tion pH on the removal performance of studied systems. The first one is 
the decrease of NO3

− uptake with raising the pH value. For example, Pan 
et al. [54] showed that the adsorbed amount of nitrate on shrimp 
shells/ZnCl2 derived AC decreased from 5.58 to 4.43 mg/g with 
increasing the pH value from 3.0 to 10.0. With the increase of pH from 
3.0 to 10.15, the nitrate removal on sugar beet bagasse/ZnCl2 derived 
AC declined from 41.2 % to 34.68 %. Highest adsorption (41.2 %) was 
reported at pH 3 [51]. This behavior could be due to the high proton
ation of functional groups at lower pH, thereby the adsorbent surface 
had more positive charges, which enhanced the attraction forces toward 
the NO3

− anions. Thus, more acidic solution favors the adsorption of NO3
−

ions [70,71,108]. The second behavior is the increase of adsorption 
performance with increasing of solution pH to a specific value, and then 
decreases. For instance, Karthikeyan et al. [105] showed that the 

adsorption capacity of CoFe2O3/AC composite for NO3
− increased with 

changing pH from 2 to 7, and then declined at pH higher than 7. The 
maximum adsorbed amount was about≈ 38 mg/g at pH 7. The value of 
pH for adsorbent at the point of zero charge (pHPZC) was 6.9. The surface 
has positive charges at pH<pHPZC and negative charges at pH>pHPZC. 
Nitrate removal was favorable at pH<pHPZC. However, smaller removal 
at highly acidic solution (pH 2) was due to the fact that Cl− ions (from 
HCl used to modify the pH) competed with nitrate ions towards the 
active sites. Also, lower NO3

− removal at pH>pHPZC was due to existence 
of more competing OH− ions which caused a strong repulsion for NO3

−

ions from the surface of adsorbent [67,74,114,115]. 
Temperature is an essential adsorption variable that substantively 

affects the NO3
− uptake of AC-based adsorbents. The influence of tem

perature shows an inconsistent behavior for NO3
− removal, which relates 

to the exothermic/endothermic adsorption nature of the studied system. 
The endothermic behavior in terms of high adsorption capacity for NO3

−

at high temperatures is reported in most of the studies. In this regard, 
Demiral and Gündüzoğlu [51] showed that the adsorption capacity 
sugar beet bagasse/ZnCl2 derived AC for NO3

− enhanced from 9.14 to 
27.55 mg/g with increase in temperature from 25 ◦C to 45 ◦C, respec
tively. The increase in uptake might be due to surface activation, 
enlargement of pores on adsorbent, rising in NO3

− mobility along with 
decreased swelling nature of AC [52,113]. On the other hand, the 
exothermic behavior for NO3

− adsorption is also observed in the litera
ture. For instance, Cho et al. [88] showed a decline in the uptake of 
cationic polymer treated AC for NO3

− from 29.4 to 24.4 mg/g with 
raising temperature from 25 ◦C to 45 ◦C. This was related to the solu
bility of the nitrate. The value of KNO3 solubility enhanced from 
0.316 g/mL water at 20 ◦C to 1.10 g/mL water at 60 ◦C [53]. Another 
possible reason could be due to the lowering of pHPZC value of adsorbent 
which resulted in a more negatively charged surface. This behavior 
reduced the removal of anions [61]. 

The significance of adsorption parameters on the performance of AC- 
based adsorbents for nitrate ions was identified by using response sur
face methodology RSM and analysis of variance ANOVA. In this regard, 
Taoufik et al. [116] showed that the influence of both initial nitrate 

Fig. 5. Schematic illustration of the possible adsorption mechanisms for nitrate by Mg/Al-LDHs apple branch/CO2 AC composite [60].  
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concentration and AC dosage were more significant on the removal 
performance of a commercial raw AC as compared to solution pH. 
Similar observations were recorded by Mehrabi et al. [98] for nitrate 
adsorption on Fe2O3/AC composite. Najmi et al. [56] showed that the 
initial nitrate concentration had the largest effect on the elimination of 
nitrate by Glycyrrhiza glabra residues/ZnCl2 derived AC, followed by 
solution pH and temperature. Hu et al. [46] also reported that both 
adsorbent dosage and initial nitrate concentration significantly affected 
nitrate uptake relative to temperature for adsorption on polyaniline/AC 
composite. 

5. Adsorption isotherms 

Adsorption isotherm is an equilibrium relationship that links the 
remaining and adsorbed amount of an adsorbate toward an adsorbent at 
fixed conditions [117]. The parameters resulted from modeling of 
experimental equilibrium data give significant information for the 
appropriate analysis and design of adsorption unit [37]. The most 
applied models for the correlation of adsorption isotherm data of nitrate 
on AC-based adsorbents in terms of Langmuir, Freundlich, Temkin, 
Dubinin-Radushkevich, Langmuir-Freundlich or Sips, Redlich-Peterson, 
and Elovich are summarized in Table S1 (Supplementary data). The 
maximum adsorption capacities of AC-based adsorbents towards nitrate 
under specified adsorption conditions along with the best applied 
isotherm models are presented in Table 2. This table indicates that the 
majority of studies on nitrate adsorption are best analyzed by the 
Langmuir isotherm model, followed by the Freundlich adsorption 
isotherm model [118–127]. 

In this context, Manjunath and Kumar [52] observed that the equi
librium data of nitrate adsorption on Prosopis juliflora branches/ H2SO4 
AC were well-fitted with Langmuir model with the highest R2 of 0.991 
and the lowest average relative error ARE of 4.337 compared to other 
isotherms like Freundlich, Temkin, D-R, and Elovich. This indicated a 
monolayer adsorption of NO3

− onto uniform adsorbent sites [118]. 
Moreover, the values of equilibrium or separation parameter (RL) were 
within the range 0 <RL< 1 which indicated the favorability of the pro
cess [63]. Another team [100] showed that the best convenient model 
for nitrate adsorption on Zr4+ ions modified chitosan-soya bean husk AC 

composite was Freundlich with the higher R2 values (0.995–0.998) and 
lower χ2 values (0.025–0.121) than Langmuir and D-R isotherms. This 
reflected the multilayer adsorption behavior on heterogeneous surfaces 
[60]. The values of 1/n (0.654–0.829) lying between 0 and l indicated 
the favorable adsorption condition [121]. 

In some cases both the Freundlich and Langmuir models were suc
cessfully used for the correlation of NO3

− equilibrium data on ZnCl2 
modified AC [73,74], surfactant modified AC [84], magnetic 
Mg-Fe/LDHs AC composite [96], and shrimp shell/ZnCl2 derived AC 
[54]. The Redlich-Peterson model was also good for the adsorption of 
nitrate on rice husk/NaOH derived AC [49] and on CaCl2 modified AC 
[91]. Moreover, the Langmuir-Freundlich or Sips model, the two-site 
Langmuir model exhibited a superior fit than the other models for the 
systems of NO3

− on polyaniline/AC composite [46], rice straw/ Na2CO3 
derived AC [53], zero valent iron/AC composite [101], and KMNO4 
modified AC [61]. The models of Redlich-Peterson and Sips merge the 
characteristics of Freundlich and Langmuir models. They match the 
Freundlich and Langmuir models at high and low adsorbate amount, 
respectively [63]. 

From the data (Table 2), AC-based adsorbents show high perfor
mance for nitrate. For example, the highest nitrate uptake of raw AC 
obtained by the most widely used ZnCl2 activation is 142.58 mg/g. 
NaOH activation also exhibit raw AC with a high nitrate uptake of 
86.20 mg/g. For modified ACs, the highest nitrate uptakes of the most 
widely tested adsorbents in terms of amine, surfactant, and magnetic 
modified ACs are 192.92, 83.00, and 58.47 mg/g, respectively. More
over, AC composites are also efficient adsorbents with high nitrate up
takes of 156.84 mg/g on Mg/Al-LDHs/AC composite and 78.981 mg/g 
on CoFe2O3/AC composite. 

6. Adsorption kinetics 

The kinetic data in terms of adsorbed amount versus time is useful to 
determine the equilibrium time and rate of an adsorbate/adsorbent 
system [128]. The parameters resulted from kinetics study are necessary 
for the correlation of adsorption rate, which provides significant infor
mation for modeling and designing the adsorption units, in order to 
identify both the mechanism and the rate-controlling steps [129]. 

Table 5 
Regeneration study conditions and results of different AC-based adsorbents used for nitrate ions removal.  

Precursor/activator Adsorbent Eluent Adsorption; desorption conditions No. of 
cycles 

Drop in capacity or 
removal % 

Ref. 

G. globra residues/ 
ZnCl2 

Raw AC NaOH 4 g/L, 25 ◦C, 90 min, pH 2, 50 mg/L; 
0.1 M NaOH, 100 mL, 90 min 

5 78.0–62.0 % [56] 

C. carandas stems/ 
H2SO4 

Raw AC NaOH 1.3 g/L, 30 ◦C, 50 min, pH 7, 10 mg/L; 
0.1 M NaOH 

6 83.5–80.4 % [113] 

Commercial Fe3O4 modified AC HCl 1 g/L, 25 ◦C, 60 min, pH 3, 50 mg/L; 
0.1 M HCl, 4 h, 30 ◦C 

10 96.1–87.5 % [85] 

C. manni naudin shells/ 
ZnCl2 

Amine modified AC NaOH 1 g/L, 27 ◦C, 50 min, pH 3, 200 mg/L; 
0.1 M NaOH, 50 min 

4 53.33–28.64 mg/g [71] 

Lignite Cationic polymer modified AC NaOH 2.5 g/L, 23 ◦C, 4 h, pH 6.65, 300 mg/L; 
0.05 M NaOH, 24 h, 2.5 g/L 

4 21.4–14.9 mg/g 
81.1–71.4 % 

[88] 

Banana bract/H2SO4 Amine/Fe3O4 modified AC NaOH 2 g/L, 30 ◦C, 1.5 h, pH 7, 100 mg/L; 
0.1 M NaOH, rT, 100 mg 

7 71.8–60.0 % [82] 

Soya bean husk/H2SO4 Zr4+ embedded chitosan/AC 
composite 

NaCl 2 g/L, 30 ◦C, 45 min, pH 7, 100 mg/L; 0.1 M 
NaCl, 0.1 g, 60 min 

5 38.0–20.7 mg/g [100] 

Banana bract/H2SO4 Zn-Al LDHs/AC composite NaOH 2 g/L, 30 ◦C, 40 min, pH 6, 100 mg/L; 
0.1 M NaOH 

5 
7 

35.0–32.1 mg/g 
32.1–25.4 mg/g 

[127] 

Commercial Polyaniline/AC composite NaOH+HCl 10 g/L, 25 ◦C, 2 h, pH 6, 50 mg/L; 
0.1 M NaOH, HCl 

1 91.2–87.5 % [46] 

Orange peel/H2SO4 Zn-Fe LDHs/AC composite NaOH 2 g/L, 30 ◦C, 1.5 h, pH 6, 100 mg/L; 
0.1 M NaOH, 40 min, 2 g/L 

5 
7 

85.5–83.5 % 
85.5–60.0 % 

[95] 

Muskmelon peel/ 
H2SO4 

ZnFe2O4/AC composite NaOH 2 g/L, 30 ◦C, 2 h, pH 5.6, 100 mg/L; 
0.1 M NaOH, 100 mg 

7 78.0–58.4 % [97] 

Papaya seeds/H2SO4 CoFe2O3/AC composite NaOH 2 g/L, 30 ◦C, 40 min, pH 5.3, 100 mg/L; 
0.1 M NaOH, 50 mL 

7 78.4–67.5 % [105] 

Sewage sludge/ZnCl2 Magnetic Mg-Fe/LDHs AC 
composite 

NaOH 0.33 g/L, 25 ◦C, 24 h, pH 3, 10 mg/L; 
0.1 M, 0.5 M NaOH 

5 74.5–40.0 % 
75.5–56.2 % 

[96]  
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Several equations have been applied to analyze the adsorption ki
netics of nitrate on AC-based adsorbents, namely pseudo-first order 
(PFO), pseudo-second order (PSO), intra-particle diffusion (INP), parti
cle diffusion, film diffusion, Elovich, and Bangham models, as summa
rized in Table S1 (Supplementary data). The equilibrium time and the 
best applied kinetic model along with its rate constant for studied 
nitrate/AC-based adsorbents system under specific kinetic conditions 
are summarized in Table 3. 

PSO was best fit in most of the studies. According to Tan et al. [65], 
the PSO model gave the best fitting for the adsorption kinetics of NO3

− on 
magnetic corn straw –AC with R2 of 0.939 compared to 0.729 for PFO. 
The result indicated that chemisorption could be the rate-limiting step 
[63]. The equilibrium state was attained in about 4 h and the rate 
constant was 0.095 g/mg.h. Zhang et al. [49] observed that the uptake 
of NO3

− ions on rice husk derived AC enhanced quickly within the first 
30 min and remained approximately fixed beyond 1 h. Furthermore, the 
magnitudes of qe and R2 resulted from the PFO equation were not suit
able to represent the adsorption kinetics for NO3

− . Meanwhile, the 
computed magnitudes of qe from the PSO equation agreed with 
measured data. Moreover, the R2 were from 0.99 to 1 for the PSO 
equation. Thus, the kinetics data were best described by the PSO 
equation. This indicated that the rate of NO3

− adsorption on AC depen
ded on the available number of active sites rather than the NO3

− amount 
in liquid. The PSO rate constant k2 decreased from 0.43 to 0.29 g/mg.h 
with increasing the inlet nitrate amount from 50 to 400 mg/L, sug
gesting that nitrate removal might be more preferable at small adsorbate 
amount [63]. Accordingly, the adsorbent had a fast adsorption rate at 
low initial nitrate amounts and could reach equilibrium faster [96]. This 
behavior could be due strong competition of adsorbate molecules for 
occupying the active sites at large nitrate amount which enhanced 
adsorption [81]. 

PFO model was also applicable to represent the adsorption kinetics of 
NO3

− on AC-based adsorbents in terms of ZnCl2 modified lignite-AC [74], 
ethylenediamine modified Naudin seed shells/ZnCl2 AC [71], magnetic 
Mg-Fe/LDHs AC composite [96], and shrimp shell/ZnCl2 AC [54]. 
Moreover, both IPD and PSO were also well applied to identify the 
mechanism on Zn–Al LDHs/AC composite [127], ZnFe2O4/AC com
posite [97], and CoFe2O4/AC composite [105]. PFO model suggested 
the physisorption process [71]. IPD identified the rate controlling step in 
terms of pore diffusion [121]. 

In general, the effect of contact time on the efficiency of AC-based 
adsorbents for nitrate removal followed the same behavior. A rapid 
adsorption at the initial state followed by a slower adsorption and 
constant or equilibrium states. The existence of many adsorption sites on 
the ACs surface caused a fast removal of nitrate at the initial state. With 
the prolongation of time, the saturation or occupying of active sites by 
adsorbed nitrate and the decline in driving force resulted in a slower 
adsorption rate. Finally, the equilibrium time was achieved. The equi
librium time was within the range 5 min to 24 h depending on the initial 
NO3

− concentration. 

7. Adsorption thermodynamics 

The thermodynamic analysis provides important information about 
the nitrate removal. Evaluating the magnitudes of Gibbs free energy, 
enthalpy, and entropy of adsorption in terms of ΔG◦, ΔH◦, and ΔS◦ is 
useful to identify the type and spontaneity of adsorption system [59,63, 
72,82]. 

The most widely used equations that relate the parameters of 
adsorption thermodynamics in terms of Gibbs and Vant Hoff equations 
are presented in Table S1 (Supplementary data). The magnitudes of ΔG◦, 
ΔH◦ and ΔS◦ for nitrate adsorption on different AC-based adsorbents 
under identified adsorption conditions are summarized in Table 4. The 
majority of studies reported negative magnitudes of ΔG◦ and positive 
magnitudes for both ΔS◦ and ΔH◦ of nitrate removal by AC-based ad
sorbents. For instance, Demiral and Gündüzoğlu [51] reported ΔH◦ and 

ΔS◦ of 133.62 kJ/mol and 0.516 kJ/mol.K for nitrate adsorption on 
sugar beet bagasse derived AC. Moreover, the values of ΔG◦ were 
− 31.15, − 24.18, and − 20.75 kJ/mol at 45 ◦C, 35 ◦C, and 25 ◦C, 
respectively. Karthikeyan et al. [82] showed that the magnitudes of ΔS◦

and ΔH◦ were 16.50 kJ/mol and 6.54 J/mol.K for nitrate adsorption on 
amine cross-linked magnetic AC and the values of ΔG◦ were − 6.81, 
− 7.45, and − 7.89 kJ/mol at 30 ◦C, 40 ◦C, and 50 ◦C, respectively. 

The negative value of ΔG◦ confirmed that the removal of nitrate by 
ACs adsorbents was spontaneous. Furthermore, there is a considerable 
decline in the negativity of ΔG◦ -value with rising of temperature. This 
behavior suggested a favorable NO3

− removal at larger temperatures [85, 
96], since NO3

− ions mobility in the liquid along with its affinity for 
adsorbent, is larger at high temperatures. The positive magnitudes of 
ΔH◦ and ΔS◦ revealed the endothermic process and increasing 
randomness at the solid-solution interface of the adsorption process, 
respectively [56,105]. 

In few studies, the values of ΔG◦ were positive revealing the non- 
spontaneous adsorption process [119], revealing the formation of 
thermodynamically unstable adsorbed species [53,61]. The negative 
magnitudes of ΔH◦ and ΔS◦ were also reported in some studies. This 
indicated the exothermic nature and the decline in randomness degree 
at the liquid–solid interface [72]. 

8. Fixed bed adsorption 

Adsorption can be performed in batch and continuous operating 
modes. The first mode performs in a closed unit; meanwhile the other 
performs in an open unit in terms of a fixed-bed column [131]. 
Compared to batch process, fixed bed adsorption columns can treat high 
volumes of polluted sample and exhibits large adsorption performance. 
Furthermore, it can be simply turned from a bench to a pilot scale [132]. 
Basic kinetic data in terms of breakthrough curves are necessary in 
optimizing and designing continuous adsorption units [133]. In 
continuous process, the breakthrough curve of a given adsorbate is the 
plot of the outlet-to-inlet amount (C/Co) ratio versus time (t). This plot 
describes the dynamics of a fixed bed unit. The style of the breakthrough 
curve is affected by different parameters like inlet adsorbate amounts, 
flow rates, and bed length. The analysis of experimental breakthrough 
data is important for determining the design parameters and finding the 
best experimental variables in continuous system [134]. The most 
extensively applied equations for correlating breakthrough curve data of 
continuous process are Adams–Bohart and Thomas along with 
Yoon–Nelson. 

Several studies have included the fixed bed removal of nitrate on AC- 
based adsorbents. In this regard, Manjunath & Kumar [135] tested the 
continuous adsorption of NO3

− on Prosopis juliflora branches/H2SO4 AC. 
The breakthrough curves were reported at various bed depths, flow 
rates, and adsorbate amounts. The change in bed height from 5 to 15 cm 
enhanced breakthrough time from 10 to 50 min. A high breakthrough 
time was resulted at the large bed depth due to the fact that the lower 
bed height offered fast saturation relative to the larger bed height. In 
contrary, the change in flow rate from 0.5 to 2 L/h and influent amount 
from 25 to 100 mg/L decreased breakthrough time from 80 to 10 min 
and 30–10 min, respectively. Fast breakthrough was obtained at large 
flow rates and high inlet NO3

− concentration due to insufficient contact 
with the adsorbent and the efficient filling of the adsorbent sites, 
respectively [136]. Thomas, Yoon-Nelson, Adams and Bohart, as well as 
bed depth service time models were used to analyze the experimental 
breakthrough data. The first model exhibited well fitting for the data 
with a larger determination coefficient (R2 > 0.9) as compared to other 
models. For Thomas model, computed rate constant, i.e. KTH; was 
reduced from 7.56 to 3.84 × 104 mL/mg.min and from 4.56 to 
3.41 × 104 mL/mg.min with a rise in sorbent depth from 5 to 15 cm and 
nitrate amount from 25 to 100 mg/L, respectively. While, it was 
increased from 2.82 to 8.34 × 104 mL/mg.min with rise in flow rate 
from 0.5 to 2 L/h. This could be due the fact that larger bed height and 
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larger nitrate amount slows down the rate of mass transfer by increasing 
the contact time between the AC and adsorbate [20]. On the other hand, 
large flow rate enhanced the adsorbate mobility, which enhanced the 
mass transfer and consequently, the KTH magnitude had enhanced with 
increasing of flow rate. 

Fixed bed adsorption of nitrate on raw AC was also considered by 
Najmi et al. [56] using Glycyrrhiza glabra residues (GGR)/ZnCl2 AC as 
adsorbent. The influence of influent amount and flow rate on the 
breakthrough curve behavior was tested. According to the result at 
constant adsorbent height of 10 cm, by changing the nitrate (50 mg/L) 
flow rate from 10 to 40 mL/min the breakthrough time declined from 76 
to 41 min, respectively. At large flow rate, the adsorbate had no enough 
time to be diffused within the pores of the AC, and thus nitrate exited the 
column before achieving saturation, leading to bad utilization of the 
fixed bed [137]. The influence of the inlet nitrate amount of 20, 60, and 
100 mg/L at 40 mL/min flow rate and 10 cm bed depth was investi
gated. From the data, as the initial concentration enhanced, the break
through curve tended to be sharper. The time of breakthrough declined 
from 70 to 20 min, as the initial nitrate amount enlarged from 20 to 
100 mg/L. This could be due the fast saturation of the adsorption sites 
[138]. The breakthrough data were analyzed by Thomas, Yoon–Nelson, 
and Adams–Bohart models. The first two models were convenient for 
designing the continuous adsorption unit. All the values of R2 were 
higher than 0.94, indicating a best fitting extent. The values of KTh 
decrease (0.0046–0.0009 mL/mg.min) and the values of qo increase (58, 
811–64,418 mg/g) with changing the initial amount of nitrate 
(20–100 mg/L). This might be due to the existence of high mass transfer 
driving force at high nitrate inlet amount, therefore, adsorption capacity 
increased, and more nitrate ions competed to the binding sites of AC 
leading to lower mass transfer rate [139]. By changing the flow rate 
(10–40 mL/min), the KTh decreased (0.0026–0.0021 mL/mg.min). 
Thus, smaller initial amount and smaller flow rate enhanced nitrate 
fixed bed adsorption. The KYN demonstrates the breakthrough curve 
shape. By enlarging the initial amount and flow rate, τ decreased, as a 
result of rapid saturation [136,137]. 

Similar observations were reported for the continuous nitrate 
adsorption on the ZnCl2 modified coconut granular AC (CGAC) [73]. At 
adsorbent amounts of 10 g, 20 g, and 30 g, the breakthrough times were 
200 min, 320 min, and 650 min, respectively. The highest uptakes of 
ZnCl2-modied CGAC (10 g, 20 g, and 30 g) were 0.25 mg/g, 0.20 mg/g, 
and 0.17 mg/g, respectively. The breakthrough time enlarged with the 
use of more adsorbent which could be due to the large contacting time. 
The high NO3

− capacity at the large bed height might due to enhanced 
surface area of adsorbent, which offered more adsorption sites for the 
continuous process [140]. In general, a rapid breakthrough curve was 
reported at larger flow rate at 20 mL/min. With increasing flow rate, the 
uptakes were 0.18 mg/g, 0.20 mg/g, and 0.27 mg/g, respectively. The 
breakthrough curve tended to be sharper as the flow rate enhanced. This 
could be related to the fact that NO3

− had no sufficient time to attach 
with adsorbent at the large flow rate [141]. Rapid saturation and lower 
breakthrough time were reported for the adsorption with enlarging inlet 
NO3

− amount. The nitrate uptakes of ZnCl2-modied CGAC were 
0.12 mg/g, 0.20 mg/g, and 0.26 mg/g, respectively. The highest uptake 
at 50 mg/L was more than those at 10 mg/L and 20 mg/L. This could be 
due to large inlet NO3

− amount which enhanced the driving force for the 
adsorption process [142]. Thomas and Yoon–Nelson equations exhibited 
best fitting (R2 > 0.834) to all the breakthrough data. Thus, these 
equations could describe the continuous nitrate adsorption which sug
gested that the film and pore diffusions were not the controlling steps 
[138]. 

In continuous adsorption, the breakthrough curves are significantly 
related to the flow rate, adsorbent amount, and inlet NO3

− amount. Both 
Yoon–Nelson and Thomas equations exhibit well analysis for the 
experimental breakthrough data and in turn can be successfully applied 
for correlation of breakthrough curves. 

9. Competitive adsorption 

Aquatic systems usually contain several contaminants in the form of 
blends. This can affect their single uptake on an adsorbent because of the 
influence of competition and can also raise their single risk owing to the 
augmented effect. Thus, investigating the behavior of coadsorption and 
the nature of competition for these blends is important [92]. The 
removal performance of each pollutant in the blend can be represented 
by the uptakes ratio (Rq) in terms of Eq. (1) as follows:  

Rq=qmi/qsi                                                                                      (1) 

where qmi (mg/g) is the uptake of adsorbate i in blended state, and qsi 
(mg/g) is the uptake of adsorbate i in single state. The type of compe
tition is recognized as synergistic, antagonistic, and non-interactive at 
Rq ˃1, Rq < 1, and Rq= 1, respectively. Various studies have included 
the coadsorption of nitrate with different inorganic anions and also with 
pollutants from other types on AC-based adsorbents [52]. 

The effect of most common co-existing (competing) inorganic anions 
such as, sulfate, chloride, phosphate, and carbonate on uptake of nitrate 
was identified in many studies. For instance, Mazarji et al. [63] tested 
the influence of these anions on the adsorption of NO3

− by NaOH-cationic 
surfactant modified coconut shell-AC in a binary system consisting of 
different amount of anions (20, 40, 80 and 160 mg/L) and a constant 
nitrate amount of 40 mg/L. The other variables were fixed at the best 
values (e.g. 4 g/L adsorbent dose, 25 ◦C, pH 7, and 120 min). An 
antagonistic behavior was reported for the effect of anions on NO3

− and 
the largest decline in nitrate uptake was observed for sulfate, followed 
by chloride, phosphate, and carbonate. The competition extent was 
inconsiderable for phosphate and carbonate due to the production of 
other materials (e.g. H2CO3 and H2PO4

− ) which showed weak competi
tion with nitrate for the active sites of AC in the neutral pH. Similar 
observations were reported by Cho et al. [88] for the nitrate adsorption 
on cationic polymer-treated granular activated carbon (AC from lignite) 
in the existence of chloride, sulfate, phosphate and carbonate. The 
highest competitive effect was obtained by sulfate, followed by chloride 
and phosphate with no influence by carbonate. The nitrate removal was 
declined by 35 %, 25 %, and 12 % in the existence of 5 mM sulfate, 
chloride and phosphate, respectively. The influence of inhibition was 
more considerable for anions with higher capability for ion exchange (i. 
e. chloride and sulfate) with quaternary ammonium groups on AC [143]. 
Phosphate tended to compete with nitrate for active sites via making 
inner-sphere complexes with the active groups of adsorbent. 

Sulfate also had strong antagonistic effect on nitrate removal 
compared to other anions for the adsorption system of sulfate and 
chloride on HNO3 modified commercial AC [62], and the adsorption 
system of sulfate, chloride, and bicarbonate by amine crosslinked 
magnetic banana bract AC [82], Muskmelon peel/H2SO4 AC- zinc ferrite 
ZnFe2O4 composite [97], the papaya seeds/H2SO4 AC- CoFe2O4 com
posite [105], Zr4+ ions modified chitosan-soya bean husk AC composite 
[100], Zn–Al LDHs/banana bract/H2SO4 AC composite [127]. 

Thus, negatively charged anions tend to compete with nitrate for 
adsorption sites of AC and the competition extent relates to different 
parameters like charge, size, electro negativity, and polarizability of the 
adsorbates etc. [113]. Sulphate can significantly affect nitrate removal 
owing to its larger anionic activity and charge which make it more easily 
fill the active sites of adsorbent. On the other hand, chloride has large 
electron affinity, which offers the considerable competition with nitrate 
[95]. 

Other co-adsorbates such as antibiotics and heavy metals were also 
included in the literature. Manjunath & Kumar [52] evaluated mono- 
and multi- adsorption of nitrate, phosphate, and metronidazole on 
Prosopıs julıflora/H2SO4 derived activated carbon. The Langmuir and 
modified Langmuir equations were well used for the correlation of single 
and multi-component isotherm data. The highest uptake qm of NO3

− was 
10.99 mg/g in the mono system and declined to 5.17 mg/g in the 
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multi-component system. Thus, the value of qm was decreased by ~2 
times and the ratio of qm,multi/qm,mono was less than one (0.47), con
firming that the NO3

− removal was inhibited by the existence of other 
adsorbates. This antagonistic behavior could be related to the fact that 
the adsorbates competed for the specific number of vacant active sites on 
the adsorbent surface [53,135,144]. Moreover, in multi-adsorption, the 
change in composition of MNZ:P:N mixture from 0.1:0.25:0.5–10:25:50 
exhibited a decline in the NO3

− removal (88–19 %), which might be due 
the existence of more adsorption sites for a specific amount of adsorbent. 

Tan et al. [65] showed a comparative study of nitrate, tetracycline, 
and arsenic(V) adsorption onto FeCl3 modified (magnetic) AC (AF) 
derived from corn straw (Zea mays L.) by H3PO4 activation. The iso
therms of NO3

− , TC, and As(V) in the multi- systems were turned 
down-ward relative to their isotherms in the mono- systems, suggesting 
the existence of competition between adsorbates. At 50 mg/L TC, the 
NO3

− uptakes reduced by 7.81 % and 10.19 % for AC and AF, respec
tively, relative to the mono-system. In a multi- system, the adsorption of 
TC molecules with large size might prevent the access of NO3

− to the 
adsorbent sites, thus inhibit the uptake of NO3

− . Besides, the adsorption 
of TC molecules on carbon-based adsorbents could exhibit a significant 
pore filling effect [145], thus decreasing the NO3

− removal. The NO3
−

uptakes were declined by 35.94 % and 27.67 % in the existence of 
30 mg/L As(V) for AC and AF, respectively. Moreover, NO3

− showed 
lower effect on the As(V) uptake, particularly for AF. This might be 
related to the fact that As(V) strongly attracted with Fe-modified 
adsorbent relative to NO3

− [146]. Similarly, TC strongly inhibited NO3
−

uptake compared to As(V) uptake. The values of qm for NO3
− adsorption 

on AC and AF were 1.28 and 2.06 mg/g (single system). The value of qm 
for NO3

− adsorption on AC and AF were 0.82 and 1.49 mg/g (binary 
system with 30 mg/L As(V)). The values of qm for NO3

− adsorption on AC 
and AF were 1.18 and 1.85 mg/g (binary system with 50 mg/L TC). 

The presence of competitive adsorbates not only decreases the 
adsorption capacity but also can affect the equilibrium time of nitrate. 
For instance, Najmi et al. [56] explored the removal of nitrate, bicar
bonate and sulfate by the Glycyrrhiza glabra residue/ZnCl2 derived AC. 
The Langmuir equation offered well fitting for the nitrate adsorption in 
the absence and existence of competitor ions with the correlation coef
ficient R2 ˃0.98. According to the Langmuir model, the maximum up
take for nitrate had reduced by 73.65 %, in the existence of competitor 
anions at 298 K. Moreover, the equilibrium state for nitrate adsorption 
was attained at 90 min, while for nitrate in the existence of anions 
100 mg/L HCO− 3 + 50 mg/L SO2

− 4 the state was prolonged to 150 min. 
As the complexity of the solution increased, not only the equilibrium 
took place slower but also the removal is not as significant as the simple 
solutions [121]. 

10. Adsorption mechanism 

The identification of adsorption mechanism is necessary to provide 
information about the type of interaction between adsorbates and the 
adsorbent molecules. It is also related to the adsorption isotherms, ca
pacity, kinetics along with thermodynamics [147]. The mechanism of 
adsorption is mainly related to the molecular content, charge, and na
ture of the adsorbent. Moreover, it also changes with pH and various 
mechanisms can be reported for the same adsorbate/adsorbent system. 
According to the literature, the mechanism of the nitrate adsorption 
onto AC-based adsorbents may change and includes electrostatic in
teractions, ion-exchange, Lewis base-acid interaction, surface complex
ation, and hydrogen bonding. The majority of studies indicate that the 
nitrate adsorption onto ACs is controlled by electrostatic interactions 
and ion-exchange. For instance, Li et al. [80] reported that the mecha
nism of nitrate adsorption on zirconium chloride octahydrate / cetyl
trimethylammonium bromide modified vetiver grass/KOH-AC 
(ZR/CTAB/VGAC) was mainly represented by the electrostatic interac
tion and ion exchange. FTIR and EDX results confirmed that CTAB and 
ZR were efficiently loaded on ZR/CTAB/VGAC. During the treatment 

with CTAB, a cationic surfactant in terms of CTAB was attached to the 
AC surface. Consequently, the positive charge in the surface of AC was 
increased, which could enhance the nitrate anions uptake by electro
static interaction [84]. ZrOCl2•8 H2O is the source of Cl− in composite, 
therefore ion exchange was also reported as the Cl− ions existed in 
composite offered an exchange with nitrate ions [148]. Similar mecha
nism was reported for the adsorption of nitrate on polyaniline AC 
composite [46] and magnetic Mg-Fe/LDHs waste sludge-based ZnCl2 AC 
composite [96]. 

Surface complexation was also indicated together with electrostatic 
interaction and ion-exchange as a mechanism step for the nitrate 
adsorption on many AC-based adsorbents. In this regard, Karthikeyan 
et al. [82] studied the mechanism of nitrate adsorption onto amine 
crosslinked magnetic banana bract/H2SO4 activated carbon (ACM@B
BAC). FTIR and EDX results showed that the nitrate adsorption on 
ACM@BBAC was identified via electrostatic attraction, ion-exchange 
along with surface complexation mechanism. ACM@BBAC surface 
exhibited a positive charge in terms of − NH2+Cl− and thereby it’s might 
be linked with nitrate ions via the mechanisms of electrostatic interac
tion and ion-exchange [149]. Thus, the nitrate ions of larger electro
negative charge tended to exchange the − OH groups and Cl− ions via 
ion-exchange mechanism. Moreover, the Fe3+ ions of positive charges 
tended to adsorb the nitrate ions via electrostatic interaction and surface 
complexation [150]. Similar mechanism was suggested for the nitrate 
adsorption on Zn\Al-LDHs AC composite [127], Zn\Fe-LDHs AC com
posite [95], ZnFe2O4 AC composite [97], and CoFe2O4 AC composite 
[105]. 

Hydrogen bonding was also considered as a mechanism step for ni
trate adsorption on a number of AC-based adsorbents besides electro
static interaction and ion exchange mechanisms. For instance, Banu 
et al. [100] examined the mechanism of nitrate adsorption onto Zr4+

ions modified chitosan-soya bean husk AC composite (H2SO4 activa
tion). ZrOCl2⋅8 H2O linked with active groups of chitosan and also Zr4+

ions entered the pores of AC which developed the adsorbent sites. The 
possible mechanism for the nitrate removal was by electrostatic inter
action due to strong Lewis base-acid interaction and ion exchange along 
with H- bonding of nitrate ions with side − OH groups existed chitosan 
structure. The composite surface also contained Zr4+, NH3

+, OH2
+ with 

positive charges which attracted the nitrate ions [151]. The mechanism 
of ion exchange mechanism was also reported as the Cl− ions existed in 
Zr-CS-SAC composite tended to exchange with nitrate ions. Kiomarsi
pour et al. [72] also recorded that the mechanism of nitrate adsorption 
on amino-functionalized AC (3-aminopropyl trimethoxysilane) was 
represented by the electrostatic forces and hydrogen bonds between 
nitrate ions and positive functional groups (ammonium moieties). 

Wang et al. [60] implied that the mechanism of NO3
− adsorption on 

Mg/Al-LDHs apple branch/CO2 AC composite included numerous steps 
(Fig. 5) such as electrostatic interaction, ion-exchange, physical 
adsorption, pore diffusion, surface complexation, and metal-linked 
bridges. 

11. Regeneration and reusability 

Reusability of exhausted adsorbents after their sufficient regenera
tion is a cost-effective and eco-friendly option for practical adsorption 
applications [46]. This option will avoid the need for a new adsorbent 
and prevent the appearance of new solid pollutants [94]. For this pur
pose, different chemical, biological, and thermal techniques have been 
applied for regenerating of saturated adsorbents. The first method is 
simple, efficient, inexpensive, and capable to regain adsorbates. It de
pends on using a convenient agent or eluent to regenerate the adsorbents 
[92]. 

Alkalis and acids along with salt and mixed eluents were applied to 
desorb nitrate anions from AC-based adsorbents (Table 5). Among these 
agents, NaOH was the most efficient and most widely applied for this 
purpose. In this regard, Shao et al. [58] observed that the regeneration 
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efficiency of various eluents for Zr/CTAB modified AC loaded with ni
trate anions followed the order: NaOH ˃ Na2CO3 ˃ NaCl. The NO3

−

removal could be approximately 90 % after 4 recycling times, which 
suggested that the Zr/CTAB modified AC regenerated by NaOH had a 
convenient extent of reutilization. The successful use of NaOH as an 
eluent might be due to its ability to form Na+ salts with some adsorbates 
which could be easily removed from the AC surface. Moreover, the large 
pH value obtained after NaOH addition could change the polarity of AC 
surface groups and thereby reduced the binding forces between the AC 
and adsorbate. AC-based adsorbents regenerated by 0.1 M NaOH pre
sented the largest reuse times with insignificant decline in removal 
performance (Table 5). For instance, Zn\Fe-LDHs orange peel AC com
posite loaded with NO3

− showed a few decline in adsorption efficiency 
from 85.5 % to 83.5 % after 5 cycles [95]. Also, raw Carissa carandas 
stems/H2SO4 derived AC underwent only 3.1 % decline in its NO3

− up
take within 6 cycles. The structure of AC did not damage and was strong 
enough to act as an adsorbent. Beyond 6 cycles, there was an observable 
change and decline in nitrate uptake (Table 5). This might be related to 
the damage of some adsorption sites which reduced the AC performance 
[113]. 

Kalantary et al. [85] used 0.1 M HCl for regeneration of nitrate 
saturated Fe3O4 treated AC. The removal performance of AC for nitrate 
using 0.1 M HCl was approximately 98.9 %. The regeneration was per
formed within 10 cycles. A little decline in the removal performance of 
Fe3O4 modified AC adsorbent was reported (from 96.1 % to 87.5 %). 
High nitrate uptake was also reported on the adsorbent which offered 
the capability to be reused 10 times with insignificant reduction in the 
removal performance of adsorbent [152]. 

Banu et al. [100] used 0.1 M NaCl solution for regenerating Zr4+ ions 
modified chitosan-soya bean husk/H2SO4 AC composite loaded with 
nitrate. The existence of Cl− ions in NaCl eluent tended to replace the 
nitrate ions in the exhausted adsorbent within a contact time of 60 min 
using 0.1 g of composite. The regenerated Zr-CS-SAC composite was 
applied for a next cycle. The nitrate uptake of regenerated composite 
was reported to be approximately 20.7 mg/g even beyond 5 regenera
tion cycles. Moreover, 75 % removal performance was obtained, and 
thereby the composite could act as an effective material for nitrate 
adsorption. 

A mixture of NaOH and HCl was applied for regeneration of 
polyaniline-activated carbon composite saturated with nitrate [46]. 
Large pH value had a considerable adverse influence on nitrate 
adsorption. Furthermore, some active sites on AC surface could take 
protons (H+) efficiently from water [62]. Therefore, 0.1 M NaOH and 
HCl eluents could act as desorbing and activating agents. In comparison 
to the initial removal performance for nitrate (91.2 %), the regenerated 
composite adsorbent still exhibited large removal performance of 87.5 
%. Accordingly, this composite with a convenient reusing ability could 
be a practical adsorbent for commercial applications. 

Thus, the data (Table 5) confirm that NaOH was the most applied and 
effective agent for the regeneration of activated carbon-based adsor
bents loaded with nitrate. In particular, the use of 0.1 M NaOH eluent 
exhibits insignificant decline in adsorption performance within high 
cycles. Moreover, 0.1 M HCl also represents a high efficient eluent with 
a little decrease in adsorption performance within high regeneration 
cycle; however, its application needs more investigation. 

12. Conclusions and future perspectives 

The production of AC-based adsorbents and their application for 
removal of nitrate were reviewed. From the collected data, the most 
extensively applied AC-based adsorbents were in the forms of raw, 
modified, and composite. Chemical activation was the most frequently 
used process for the production of raw AC adsorbent compared to 
physical and physicochemical activations. Moreover, ZnCl2 was the 
most applied chemical activating agent for production of AC and NaOH 
exhibited the highest surface area AC. For physical activation, steam was 

more utilized to produce AC relative to CO2. In addition, the modified 
and composite forms of AC adsorbents showed an enhanced capacity for 
nitrate compared to raw AC adsorbents. In general, this enhancement in 
performance involved the development of surface properties by intro
ducing additional and specific functional groups to the structure of raw 
adsorbents along with improving of pore properties in some cases. 
Several elements, including acids, alkali, surfactants, magnetic, urea, 
amines, ZnCl2, etc. were applied for the treatment of AC-based adsor
bents to maximize the performance for nitrate removal. Among these, 
surfactants, magnetic materials, and urea/amines were the best and 
most widely utilized agents for this purpose. The blending of two or 
more treatment steps also offered well treatment performance by 
combining the advantages of single steps. Incorporation of some mate
rials such as layered double hydroxide, Fe2O3 nanoparticles, zero valent 
iron, zeolite, and chitosan into AC structure is an efficient way to 
enhance the performance of AC by developing its functionality and pore 
properties. Activation temperature and amount of activating agent 
variables exhibited significant effect on pore properties and perfor
mance of raw AC compared to activation time. Moreover, the effect of 
both initial nitrate concentration and AC dosage were more significant 
on the removal efficiency of nitrate relative to temperature and solution 
pH. Isotherm data for the majority of studies on nitrate/AC-based 
adsorbent systems were well correlated by Langmuir equation fol
lowed by the Freundlich model. Both Langmuir and Freundlich models 
also presented convenient correlations in some cases. The parameters of 
these isotherms confirmed the preferable nature of the nitrate adsorp
tion. The pseudo-second order equation presented well analysis for the 
kinetic data and in some cases pseudo-first order was also applicable. 
The majority of studies reported negative magnitudes of ΔG◦ and posi
tive magnitudes for both ΔS◦ and ΔH◦ of nitrate removal by AC-based 
adsorbents. Thomas and Yoon–Nelson equations were convenient for 
the design of continuous adsorption unit. An antagonistic behavior was 
mostly reported for the effect of competing adsorbates on NO3

− and the 
decline in nitrate uptake in a mixture of anions followed the order: 
sulfate ˃ chloride ˃ phosphate ˃ carbonate. The adsorption mechanism 
of nitrate/AC-based adsorbent systems mainly involved electrostatic 
attraction and ion exchange with the existence of other steps such as 
surface complexation, hydrogen bonding, physical adsorption, metal- 
bonded bridges, and pore diffusion. NaOH eluent was the most effi
cient and most widely applied for regenerating exhausted adsorbents. 

AC-based materials are considered as effective adsorbents for nitrate 
due to their favorable pore characteristics, surface active groups 
enriched structures, and high removal performances. Accordingly, these 
materials were included in numerous studies. However, other items still 
want to be taken into account including (1) focusing on another form of 
AC such as AC fibers or cloths, (2) using other modifying agents and 
composite materials such as clay and biomass to further enhance the 
performance of raw AC adsorbents, (3) adopting co-pyrolysis and mi
crowave techniques in production of AC-based adsorbents, (4) studying 
the influence of treatment factors like time, temperature, treating agent 
amount on characteristics of AC, (5) testing the impact of stirring speed 
and size of adsorbent particles on adsorption performance, (6) consid
ering the ability of AC-based adsorbents to treat real polluted systems, 
(7) optimizing the regeneration performance and nitrate recovery from 
eluents, and (8) providing information about the economic feasibility 
and environmental effect of the prepared adsorbents to identify their 
convenient for large scale applications. 
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