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a b s t r a c t 

Removal of nitrogen (N) and phosphorus (P) from water through the use of various sorbents is often con- 

sidered an economically viable way for supplementing conventional methods. Biochar has been widely 

studied for its potential adsorption capabilities for soluble N and P, but the performance of different 

types of biochars can vary widely. In this review, we summarized the adsorption capacities of biochars 

in removing N (NH 4 -N and NO 3 -N) and P (PO 4 -P) based on the reported data, and discussed the possible 

mechanisms and influencing factors. In general, the NH 4 -N adsorption capacity of unmodified biochars 

is relatively low, at levels of less than 20 mg/g. This adsorption is mainly via ion exchange and/or in- 

teractions with oxygen-containing functional groups on biochar surfaces. The affinity is even lower for 

NO 3 -N, because of electrostatic repulsion by negatively charged biochar surfaces. Precipitation of PO 4 -P 

by metals/metal oxides in biochar is the primary mechanism for PO 4 -P removal. Biochars modified by 

metals have a significantly higher capacity to remove NH 4 -N, NO 3 -N, and PO 4 -P than unmodified biochar, 

due to the change in surface charge and the increase in metal oxides on the biochar surface. Ambient 

conditions in the aqueous phase, including temperature, pH, and co-existing ions, can significantly alter 

the adsorption of N and P by biochars, indicating the importance of optimal processing parameters for N 

and P removal. However, the release of endogenous N and P from biochar to water can impede its per- 

formance, and the presence of competing ions in water poses practical challenges for the use of biochar 

for nutrient removal. This review demonstrates that progress is needed to improve the performance of 

biochars and overcome challenges before the widespread field application of biochar for N and P removal 

is realized. 

© 2020 Elsevier Ltd. All rights reserved. 
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1. Nutrients in water 

Nitrogen (N) and phosphorus (P) are essential elements re-

quired in the structure and functions of living organisms, such

as N in protein synthesis formation and P in genetic material,

cell membranes, and energy transfer ( Marschner and Marschner

2012 ). However, excessive inputs of anthropogenic nutrients into

aquatic systems have led to the eutrophication in rivers, lakes,

reservoirs, and estuaries worldwide, subsequently leading to algal

blooms that threaten drinking water safety and the biodiversity

of aqueous ecosystems ( Conley et al. 2009 , Woodward et al. 2012 ,

Xia et al. 2020 ). In the aqueous phase, inorganic N and P, which are

the main drivers of eutrophication, mainly exist in the form of am-

monium (NH 4 
+ ), nitrate (NO 3 

−), and phosphate (PO 4 
3 −) ( Yin et al.,

2018a ). 

It is the simultaneous presence of N and P (NH 4 
+ and PO 4 

3 −,

NO 3 
− and PO 4 

3 −) that causes algal blooms, while the pres-

ence of N alone (NH 4 
+ and NO 3 

−) does not lead to blooms

( Zeng et al. 2016 ). Studies conducted as early as the 1970s suggest

that P is the primary limiting nutrient ( Schindler 1974 ). Reducing P

loading has been shown to inhibit eutrophication in lakes, though

it was unable to improve water quality in other water bodies such

as estuaries and marine waters ( Conley et al. 2009 ). Therefore, a

dual-nutrient-reduction strategy for controlling both P and N in

water is necessary for eutrophication control. ( Conley et al. 2009 ). 

Massive amounts of N- and P-rich products are produced and

used for industrial, agricultural, and domestic purposes. Excess N

and P may be released into aqueous environments via industrial

effluents, agricultural runoff, and municipal wastewater systems

( Fig. 1 ). Although wastewater treatment plants (WWTPs) remove

the majority of N and P to lower their concentration below local

standard guidelines before final discharge into natural waterways

and bodies, they are still recognized as one of the main sources

of N and P in receiving natural waters. In addition to the anthro-

pogenic sources, atmospheric precipitation, biological nitrogen fix-

ation, and the decomposition of organic matter in sediments may

also contribute to the total N and P loading in aquatic ecosystems.

Many processes have been developed to remove nutrients from

wastewater. The modified Ludzak-Ettinger (MLE) process is a com-

mon process for biological nitrogen removal ( Song et al. 2015 ),

in which ammonia in wastewater is converted into nitrate and

subsequently gaseous nitrogen by nitrification and denitrification,

respectively. Processes based on anaerobic ammonium oxidation

(anammox) to convert ammonia with nitrite to nitrogen gas have
een developed and applied ( Zhang et al. 2008 ). High ammo-

ia concentration in wastewater inhibits the activities of microor-

anisms involved in nitrogen transformation, which has led to

he coupled adoption of physicochemical methods, such as fold-

ng point chlorination, magnesium ammonium phosphate (MAP)

recipitation and the airstrip process ( Zhang et al. 2011 ). The bi-

logical process may also be adopted to remove phosphorus in

astewater, involving phosphate-accumulating organisms (PAOs) in

he aerobic/oxic (A/O) process ( Oehmen et al. 2007 ). PAOs have

he ability to store and release phosphate in response to cyclical

nvironmental conditions ( Nielsen et al. 2019 ). Moreover, because

hosphate can be precipitated by a variety of metals and metal-

xides, chemical precipitation processes may be an alternative or

upplementary method to biological processes ( Ye et al. 2017 ). The

ources and controls of anthropogenic N and P in the water envi-

onment are illustrated in Fig. 1 . 

Adsorption is an effective and rapid process for removing

ontaminants from the aqueous phase, depending on adsor-

ent properties and ambient electrolyte conditions. Many adsor-

ents have been evaluated for their effectiveness in the removal

f N and P from water systems, including zeolites, bentonite,

olymeric ion exchangers, nanoparticles, and aluminum oxides

 Alshameri et al. 2018 , Angar et al. 2017 , Jorgensen and Weatherley

003 , Li et al. 2017 , Niu et al. 2012 , Xu et al. 2018 , Zhang and Gao

013 ). 

Biochar is a carbon(C)-rich solid product formed through ther-

al decomposition of biomass, including agricultural and forestry

aste, municipal sludge, manure, and other C-rich materials

 Ahmad et al. 2014 ). The easy availability of feedstock and po-

entially low cost of production of biochar has made it a mate-

ial of interest for environmental remediation in recent decades

 Ahmad et al. 2014 ). The features of biochar that make it fea-

ible for sorption include, but are not limited to, the high spe-

ific surface area, well-developed pore structure, high C content,

bundant oxygen-containing functional groups, and high cation ex-

hange capacity ( Ahmad et al. 2014 ). The physical and chemical

roperties and the sorption selectivity and capacity of biochars has

een shown to be related to both the feedstock and temperature of

roduction ( Hassan et al. 2020 , Mukome et al. 2013 ). Furthermore,

etallic elements in biochar may also play an indispensable role in

dsorption ( Wang et al., 2020b , Yin et al., 2018a ). Biochar applied

n soil may bind nutrients like NH 4 
+ , NO 3 

− and PO 4 
3 − through

pecific and non-specific adsorption ( Hale et al. 2013 ), and there-

ore serve as a N- or P-enriched input ( Spokas et al. 2012 ). Thus,
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Fig. 1. Source and control of nutrients (N and P) in the water environment. 
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ndesirable contaminants in aqueous environments can be trans-

ormed into desirable nutrients in the cropping system. Nutrient

eaching in soil may also be mitigated through these processes.

dditionally, biochar has been shown to sequester ammonia in a

table form for at least 12 days, during which it may be available

or plant uptake ( Taghizadeh-Toosi et al. 2012 ). 

Numerous studies have used biochar as an adsorbent for in-

ividually or simultaneously removing N (NH 4 
+ , NO 3 

−) and P

PO 4 
3 −) from water ( Afkhami et al. 2007 , Chintala et al. 2013 ,

ai et al. 2014 , Gao et al. 2015 , Hale et al. 2013 , Mizuta et al. 2004 ,

ang et al. 2017 , Zeng et al. 2013 ). Reports reveal that nutrient

emoval efficiencies of biochars in water vary significantly as a

unction of the types and properties of biochars and the ambi-

nt conditions of the aqueous phase ( Xiao and Pignatello 2016 ,

ao et al. 2013 , Zhang et al. 2012 ). We search reported references

n the database of Web of Science using the terms of “adsorp-

ion or sorption” and “biochar or charcoal” and “ammonium or ni-

rate or phosphate” as keywords. There are several review papers

ocused on the use of biochar for the removal of contaminants,

ncluding heavy metals, anionic contaminants, and organic con-

aminants, from water ( Ahmed et al. 2016 , Rajapaksha et al. 2016 ,

ang et al. 2019 ). However, to the best of our knowledge, no sys-

ematic review has been conducted on the capabilities and mech-

nisms of biochar and modified biochar for N and P removal in

ater. Based on the data from the literature, especially the max-

mum adsorption capacity ( Q max ) as estimated by the Langmuir

sotherm model, this review evaluates the performance and capac-

ty of biochars for N and P removal, and explores the correspond-

ng mechanisms and critical factors that may affect adsorption. For

he purposes of comparison within this review, Q max data from in-

ividual references has been converted into mg N/g or mg P/g. The
 2  
im is to guide the development and application of biochar-based

echnology to remove various forms of N and P in aquatic environ-

ents of water systems. 

. Efficiencies of biochar for nutrient removal from water 

.1. Ammonium removal by biochar 

.1.1. Ammonium removal by unmodified biochar 

Ammonium is one of the main inorganic forms of N in the

queous phase, and the interconversion between ammonium and

mmonia is pH and temperature-dependent ( Emerson et al. 1975 ).

ased on the calculation by Emerson et al. (1975) , ammonium

NH 4 
+ ) is the predominant form ( > 90%) over ammonia (NH 3 )

n most of the water environment with pH < 8.2 and temper-

ture < 28 °C. Extensive batch adsorption studies have been car-

ied out to evaluate the removal efficiency of ammonium nitrogen

NH 4 -N) by biochars of diverse feedstocks and production temper-

tures. For example, the potential application in NH 4 -N adsorp-

ion has been evaluated for pine sawdust biochar, wheat straw

iochar ( Yang et al. 2017 ), peanut shell biochar, corncob biochar,

otton stalk biochar ( Gao et al. 2015 , Liu et al. 2016 ), and gi-

nt reed biochar ( Hou et al. 2016 ). Q max values of biochars for

H 4 -N vary widely throughout the literature with a mean value

f 11.19 mg N/g. The Q max values for NH 4 -N were 5.38 and 3.37

g N/g in pine sawdust biochar pyrolyzed at 300 °C and 550

C, respectively ( Yang et al. 2017 ), and 1.21~1.49 mg N/g in gi-

nt reed biochar pyrolyzed at 500 °C ( Hou et al. 2016 ). Much

igher Q max values for NH 4 -N were observed for sesame straw

iochars pyrolyzed at 30 0~70 0 °C (14.81–26.84 mg/g) ( Yin et al.,

018b ). Cui et al. (2016) pyrolyzed biomass from 22 species of
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Fig. 2. Adsorption capacities ( Q max ) of NH 4 -N, NO 3 -N, PO 4 -P by biochar (BC) and 

modified biochar (MBC). The “∗” and “� ” are the maximum and minimum values, 

respectively. The upper and lower edge of the box is 75% and 25% of the data, and 

the cross line in the box is the median value and the “�” is the mean value. Bars 

over and below the box are the outlier limit, indicating that Q max over this range is 

extremely better than the majority. Data were collected from cited literature, and 

n in the legend is the number of collected Q max data (Detailed data and references 

are in Table S1). 
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plants obtained from constructed wetlands at 500 °C, and carried

out a single-concentration (100 mg/L NH 4 -N) adsorption test. The

Canna indica biochar performed the best with a Q max value of 7.71

mg N/g. In general, most reported NH 4 -N adsorption capacities of

biochar were below 20 mg N/g. However, a few exceptions with

NH 4 -N adsorption capacities up to 133 mg N/g have been observed

( Fan et al. 2019 , Kizito et al. 2015 ), which are summarized in Fig. 2 .

Detailed NH 4 -N Q max vales of different biochars are listed in Table

S1 as supplementary material. 

2.1.2. Ammonium removal by modified biochar 

In order to improve the adsorption capacities of biochars for

ammonium, attempts to increase CEC, enhance chemical precipi-

tation, or alter biochar surface functional groups have been un-

dertaken. For example, the addition of materials with high CEC

into biochar feedstocks may significantly enhance the Q max of am-

monium, such as montmorillonite ( Chen et al. 2017 ) and ben-

tonite ( Ismadji et al. 2015 ). Similarly, the adsorption isotherms for

NH 4 
+ by Mg-modified Phragmites australis biochar were almost lin-

ear, indicating unsaturated adsorption capacities with increasing

NH 4 -N concentrations, and a Q max value of 32 mg N/g within the

tested concentration range ( Gong et al. 2017 ). Authors attribute

this to the cationic exchange between Mg 2 + and NH 4 
+ , as NH 4 

+ 

adsorption was positively correlated with the release of Mg 2 + 

( Gong et al. 2017 ). It has been suggested by Fan et al. (2019) that

adsorption of NH 4 
+ by phosphate-rich biochar was significantly

enhanced in the presence Mg 2 + through the precipitation of stru-

vite (MgNH 4 PO 4 ). While these studies provide new insight into

modification strategies for enhancing biochar ammonium removal

efficiency. Other modification methods, such as mild oxidation of

biochar by H 2 O 2 ( Wang et al., 2015a ), were not shown to signif-

icantly improve the adsorption capacity. Fig. 2 illustrates that the

average and medium Q max values of modified biochar for ammo-

nium ( 22.79 mg N/g and 13.85 mg N/g, repsectively) are signifi-

cantly higher than that of unmodified biochar (11.19 mg N/g and

4.12 mg N/g, repsectively), indicating modification may be an ef-

fective strategy to enhance the ammonium removal efficiency of

biochars ( Chandra et al. 2020 ). 
.2. Nitrate removal by biochar 

In the aquatic phase, nitrate is present in the anionic form

NO 3 
−) due to the full dissociation of HNO 3 in water. In theory, the

lectrostatic repulsion between nitrate and the negatively charged

iochar surface constitutes one of the most significant barriers for

itrate adsorption on biochar. In this section, studies are reviewed

o evaluate the effectiveness of biochars as adsorbents for nitrate

emoval during wastewater treatment or remediation in natural

aters. 

.2.1. Nitrate removal by unmodified biochar 

Although biochars derived from a broad range of biomass feed-

tocks and pyrolysis conditions have been tested for their nitrate

dsorption capacity ( Fig. 2 ), few biochars have been shown to ef-

ectively interact with nitrate. These observations are in accordance

ith the theoretical assumption. 

The majority of studies demonstrate that unmodified biochar

ad almost no, or minimal, adsorption capacity for nitrate. For ex-

mple, no nitrate removal in aqueous solution was observed for

2 biochars derived from 3 feedstocks in batch adsorption tests,

mong which some biochars even released rather than adsorbed

itrate ( Gai et al. 2014 ). Similar results were also observed for

iochars derived from corn stover and oak wood pyrolyzed at

00-450 °C ( Hollister et al. 2013 ), cacao shell and corn cob py-

olyzed at 300-350 °C ( Hale et al. 2013 ), and sugarcane bagasse,

eanut hull, pepperwood, and bamboo pyrolyzed at 300-450 °C
 Yao et al. 2012 ). These negligible nitrate removal efficiencies are

ost likely due to the electrostatic repulsion between the nega-

ively charged biochar surface and the nitrate anion. 

Limited nitrate adsorption by biochars has been observed in

ome studies. Kameyama et al. (2012) evaluated the performance

f sugarcane bagasse-derived biochar and found that the adsorp-

ion isotherm best fit the Freundlich adsorption model, though ad-

orption was weak with values less than 0.8 mg N/g at equilib-

ium concentrations above 100 mg N/L. Yao et al. (2012) found

hat biochars derived from sugarcane bagasse, peanut hull, pep-

erwood, and bamboo can slightly adsorb nitrate when the py-

olysis temperature increased to 600 °C. Similar values (1.25 mg

/g) were also achieved by bamboo powder biochar produced at

00 °C ( Mizuta et al. 2004 ), 3.27 mg N/g by corncob biochar py-

olyzed at 600 °C ( Zhao et al. 2018 ), and 2.02 mg N/g by oak saw-

ust pyrolyzed at 600 °C ( Wang et al., 2015b ), corn stover (8.68

g N/g), ponderosa pinewood residue (2.58 mg N/g), and switch-

rass (8.75 mg N/g) pyrolyzed at 650 °C using the microwave

 Chintala et al. 2013 ). Higher pyrolysis temperature ( > 600 °C) may

xplain the adsorption capacity of these biochars, as it can lead to

ltered physicochemical, such as higher surface area and lower O-

ontaining functional groups ( Ahmad et al. 2014 ). Increased surface

rea may also increase the number of biochar sorption sites, while

ecreased O-containing functional groups may reduce the electro-

tatic repulsion between biochar and nitrate. However, it should be

oted that even where biochar nitrate sorption was observed, val-

es were fairly low, with average Q max value of 1.78 mg N/g ( Fig. 2 ,

able S1), indicating that unmodified biochar may not be an effec-

ive strategy for nitrate removal for aqueous environments. 

.2.2. Nitrate removal by modified biochar 

Substantial modification of biochars may facilitate their nitrate

dsorption capacity, especially where modifications hinder the

lectrostatic repulsion between nitrate ions and biochar. Common

odification strategies include protonation of negatively charged

unctional groups and metal/metal oxide impregnation into biochar

r biochar feedstocks. For example, treating biochar with concen-

rated HCl has been shown to effectively increase nitrate adsorp-

ion capacity of biochars ( Chintala et al. 2013 ). In that study, the
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ighest level of enhancement for nitrate adsorption was found

n HCl-modified Ponderosa pinewood residue biochar, which ad-

orbed 9.74 mg N/g, compared to 2.58 mg N/g in the unmodi-

ed biochar. Authors hypothesize this enhanced adsorption to be

he result of a significant increase in surface area (~10x) follow-

ng HCl modification ( Chintala et al. 2013 ). Biochar pyrolyzed from

anthanum (La)-immersed sawdust was also found to significantly

nhance the nitrate adsorption capacity of oak sawdust biochar

rom 2.02 mg N/g (unmodified) to 22.58 mg N/g. The authors hy-

othesized that an increase of basic functional groups in La modi-

ed biochar is responsible for the enhancement of nitrate removal

 Wang et al., 2015b ). In another study, MgO-modified biochar

anocomposite by immersing biomass feedstocks into MgCl 2 solu-

ion before pyrolysis elevated nitrate adsorption capacities as high

s 95 mg N/g ( Zhang et al. 2012 ). High-resolution transmission

lectron microscopy revealed the morphology of MgO-modified

iochar was altered with increased spaces of 2 to 4 nm between

he MgO nano-flakes, which may have served as new adsorption

ites for anions ( Zhang et al. 2012 ). The average Q max of modified

iochar for nitrate is 7.42 mg N/g (Table S1), which is about 3.8x

f unmodified biochar. 

.3. Phosphate removal by biochar 

.3.1. Removal of phosphate by unmodified biochar 

The inorganic form of P (PO 4 -P) in water presents in differ-

nt anionic forms, such as H 2 PO 4 
−, HPO 4 

2 −, and PO 4 
3 −, depend-

ng on environmental pH. Consistent with the observations for

O 3 
−, phosphate anions are usually repelled by the negatively

harged surfaces of biochar. As a result, the adsorption capac-

ties of unmodified biochars for inorganic P are generally low.

ui et al. (2016) compared twenty-two biochars derived from wet-

and plants for their sorption capability of PO 4 -P, and found that

nly 4 biochars exhibited positive PO 4 -P removal from the aque-

us phase, indicating weak interactions between biochar and PO 4 -

. In addition, the desorption of PO 4 -P from biochars was ob-

erved rather than adsorption. Gong et al. (2017) found that the

iochar derived from Phragmites australis (600 °C) had little impact

n the total phosphorus (TP) levels in samples from a eutrophic

ake and its inflow river. The ability of biochar to adsorb PO 4 -

 also appears biomass dependent. For example, biochar derived

rom peanut shells (700 °C) had much greater capacity for PO 4 -P

emoval (2.0 mg P/g at 20 °C) than biochars pyrolyzed at 700 °C
erived from oak wood, soybean, and bamboo wood, and the later

wo biomass derived biochar even released rather than adsorbed

 ( Jung et al. 2015 ). The significant lower Mg/P and Ca/P ratios in

hese two biochars were hypothesized to be responsible for the P

esorption, as divalent cation bridging may be the primary binding

echanism for phosphorus on biochar ( Jung et al. 2015 ). Higher

O 4 -P removal efficiencies have been observed by corn biochar py-

olyzed at 300, 450, and 600 °C(with Q max values up to 190 mg

/g) ( Fig. 2 ), though no specific explanation was provided regard-

ng this unusually high Q max ( Fang et al. 2014 ). The Q max of biochar

or phosphate ranges from 1.37 to 193 mg P/g, with average value

f 28.90 mg P/g (Table S1). 

.3.2. Phosphate removal by modified biochar 

As with nitrate removal, researchers have attempted to in-

rease phosphate adsorption by adding metals and metal ox-

des to biochar feedstocks with mixed results ( Ajmal et al. 2020 ,

handra et al. 2020 , Wang et al., 2020a , Zeng et al. 2013 ) ( Fig. 2 ).

g is the most widely studied, as it can significantly promote

he PO 4 -P adsorption capacity of biochar due to the stong di-

alent cation bridging between Mg and P ( Jung et al. 2015 ,

ang et al., 2020b ). Intrinsic Mg present in the tissues of biochar
eedstocks has also been shown to promote P sorption. For in-

tance, Zeng et al. (2013) found that biochar derived from a phy-

oremediation plant, Thalia dealbata , has a higher PO 4 -P adsorp-

ion capacity (about 2.54~4.96 mg P/g) compared to three other

hytoremediation plants with negligible P removal efficiencies. Au-

hors hypothesize this to be the result of the higher Mg content

n Thalia dealbata than other plants was believed to be the main

eason. Yao et al. (2013) found biochar derived from Mg-enriched

omato leaves capable of adsorbing high amounts of PO 4 -P ( > 100

g PO 4 -P/g). They also concluded that the P-loaded biochar might

otentially be used as a soil amendment or a slow-release fer-

ilizer, as it contains more than 10% P. These findings led to an

nterest in modifying biochar by adding Mg to enhance its PO 4 -

 adsorption capacity. While some investigations resulted in no

ignificant increase of PO 4 -P adsorption in Mg-modified biochar

 Fang et al. 2014 ), others found an extraordinary increase from al-

ost 0 to nearly 109 mg PO 4 -P/g ( Gong et al. 2017 ). The highest

evel of PO 4 -P retention (835 mg P/g) was from a MgO-modified

iochar pyrolyzed from MgCl 2 immerged sugar beet tailing at 600

C ( Zhang et al. 2012 ). Differences in the effect of Mg-modification

n PO 4 -P adsorption capacity may be attributed to many factors,

ncluding differences in intrinsic biochar properties, the concentra-

ion of added Mg, and pyrolysis conditions. 

Additional metals such as La and Al have also been reported

o be effective in enhancing biochar PO 4 -P removal. The PO 4 -P ad-

orption capacity of oak sawdust biochar (500 °C) was enhanced

rom 10.44 mg P/g by the untreated to 46.57 mg P/g by La modi-

ed biochars ( Wang et al., 2015b ). Novais et al. (2018) found that

iochar derived from poultry manure and sugarcane straw (350

C) can adsorb significant amounts of Al. Those Al-doped biochars

hen had extremely high Q max values of 701.65 mg P/g and 758.96

g P/g, respectively. The Al-doping process can effectively cover

he negatively charged biochar surface while forming positive

dsorption sites for PO 4 -P, functioning as “Al-bridges” between

iochar and PO 4 -P and facilitating the adsorption/precipitation of

 ( Novais et al. 2018 ). Further evaluation is necessary for the ap-

lication of Al-doped biochar in water treatment, as Al solubility

nd toxicity should also be considered in aqueous environments

nd particularly in natural water bodies. It can be clearly shown

n Fig. 2 and Table S1 that biochar modification can significantly

nhance the removal of phosphate. The average Q max of modified

iochar for phosphate is 143.10 mg P/g, which is about 4.95x of

nmodified biochar. 

In a recent study, Wang et al. (2020b) increased the anion ex-

hange capacity via treating biochars (hardwood and softwood at

00 °C) with a cationic polymer [poly(diallyldimethylammonium)

hloride; pDADMAC] leading to an substantial increase of PO 4 -

 sorption, approximately 10 0 0 times greater than unmodified

iochars. The authors compared this result with MgO doped

iochars and found that the pDADMAC was comparable in sorption

apacity, but that sorption reversibility was greater for the pDAD-

AC modified biochars. 

. Mechanisms of nutrient removal by biochar 

In order to further understand the removal of N and P by un-

odified biochar and modified biochars, factors governing the ad-

orption process, such as surface area, ion exchange, surface func-

ional group interaction, and precipitation, are illustrated in Fig. 3 . 

.1. Surface area 

The specific surface area (SA) is generally considered a crit-

cal parameter governing the adsorption capacity of carbona-

eous materials. Because SA is directly related to the density

f adsorption sites per unit of mass, the increase of SA is
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Fig. 3. Suggested mechanisms for the adsorption of NH 4 -N, NO 3 -N, and PO 4 -P. 
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expected to lead to higher adsorption capacity. This is sup-

ported multiple times throughout the literature. For example,

Zeng et al. (2013) found that with the increase of pyrolysis

temperature (50 0-70 0 °C), the SA of biochars significantly in-

creased, which elevated the adsorption capacities for ammonium

and phosphate; Chintala et al. (2013) found that concentrated

HCl treated biochars have a nearly 10x higher SA, which signifi-

cantly improved their adsorption capacities for nitrate. By contrast,

Yang et al. (2017) evaluated NH 4 
+ adsorption by three biochars

with SAs of 189.2, 55.24, and < 1 m 

2 /g, and found their ad-

sorption capacities to be negatively correlated with SA. Similarly,

Takaya et al. (2016) found that biochars with higher SA did not

necessarily adsorb more NH 4 
+ . These cases suggest that SA is not

the sole determinant of NH 4 
+ adsorption. It is worth noting that

the increase of SA correlates with the loss of oxygen-containing

functional groups, which may also play an important role in NH 4 
+ 

adsorption. Details concerning surface functional groups will be

further discussed in section 3.3 . 

While increasing SA may improve NH 4 
+ adsorption, the same

may not be true for the adsorption of anions (e.g., NO 3 
−

, PO 4 
3 −)

as the surface of biochar is most commonly negatively charged

( Wang et al., 2015b , Yao et al. 2013 , Zeng et al. 2013 ). 

3.2. Ion exchange 

Negatively charged biochar surfaces balance with positively

charged cations in aqueous environments. It has been observed

that low-temperature biochars may have a higher CEC, and there-

fore lead to higher NH 4 
+ adsorption capacity ( Yang et al. 2017 ).

This may suggest that NH 4 
+ is adsorbed by replacing other cations

with lower affinities for the surface sites of biochar. A similar con-

clusion was reached by Gai et al. (2014) , who found that biochar

pyrolyzed at lower temperatures (400 °C and 500 °C) had higher

CEC than those pyrolyzed at higher temperatures (600 °C and

700 °C). In this study, the highest NH 4 
+ removal was observed in

the biochar with the highest CEC. In addition to pyrolysis tem-

perature, biochar CEC is closely related to the properties of its

feedstocks. For example, corn straw-derived biochars had signifi-

cantly higher CEC and NH 4 
+ removal efficiency than those derived

from peanut shell or wheat straw at all pyrolysis temperatures

( Gai et al. 2014 ). Modification with the addition of metals may
nhance biochar CEC, thus increase the adsorption for NH 4 
+ . One

tudy by Gong et al. (2017) illustrated this by demonstrating that

H 4 
+ sorption by Mg-modified Phragmites australis biochar is pre-

ominantly governed by ion exchange between NH 4 
+ and Mg 2 + . 

.3. Surface functional groups 

The surface chemistry of biochar is largely characterized by

ydrophobicity at higher pyrolysis temperatures and negatively

harged surface functional groups at lower temperatures, many

f which typically contain oxygen (e.g., -OH, COOH). As a result,

iochars can have some affinity for NH 4 
+ . However, the lack of

urface functional groups that carry a net positive charge mini-

izes electrostatic attraction of NO 3 
− and PO 4 

3 − to biochars. The

dsorption of ammonia on oxidized carbon surface of graphite ox-

des generally involves reactions with oxygen-containing functional

roups to form amines and amides, as NH 4 
+ acts as a Brønsted or

ewis acid ( Seredych and Bandosz 2007 ). Thus, it is reasonable to

xpect that the abundance of oxygen-containing functional groups,

ncluding carboxyl, on biochar surfaces, may be closely related to

H 4 
+ adsorption. For example, low-temperature-derived biochars

ith higher O/C mole ratios can have much higher NH 4 
+ adsorp-

ion capacity, as chemical bonding or electrostatic interactions are

ormed between O-containing functional groups on biochar sur-

aces and NH 4 
+ ( Yang et al. 2017 ). 

Interactions between NH 4 -N and O-containing functional

roups can be elucidated by examining property changes before

nd after NH 4 
+ adsorption. To our knowledge, no direct evidence

rom biochar samples is currently available, while the adsorption

f NH 4 
+ by biomass (strawberry powder) has been examined: fol-

owing NH 4 
+ loading, Liu et al. (2010) observed a new peak in the

T-IR spectrum of strawberry powder at 1549 cm 

−1 , which is rec-

gnized as the overlap band of the N-H bending vibration and C-N

tretching. Some peak shifts in the spectrum of samples before and

fter NH 4 
+ adsorption were attributed to the binding of NH 4 

+ to

ydroxyl, phenolic, and carboxyl groups ( Liu et al. 2010 ). 

The protonation and deprotonation of surface functional groups

s impacted by solution pH and can significantly influence bond-

ng between O-containing functional groups and NH 4 
+ , therefore

nfluence the resultant adsorption of NH 4 
+ by biochars. The re-

oval efficiency of NH 4 
+ by wood and rice husk biochar (600 °C)

as much lower at lower pH ( Kizito et al. 2015 ), which can be at-

ributed to the protonation of functional groups (C = O, COO 

−) on

he biochar surface, which results in weakened ionic bond forma-

ion between NH 4 
+ and biochar. As biochar surfaces are primarily

egatively charged, anions such as PO 4 
3 − and NO 3 

− are typically

epelled rather than adsorbed. The effect of pH is further discussed

n section 4.3 . 

.4. Precipitation 

The formation of magnesium and calcium phosphates on

iochar surfaces is considered the primary mechanism of PO 4 
3- 

emoval from water ( Cui et al. 2016 , Yao et al. 2013 ). The high

atios of magnesium and calcium to phosphorus (Mg/P = 3.46 and

a/P = 47.6, respectively) of a peanut shell biochar (700 °C), for ex-

mple, were used to explain its high PO 4 
3 − adsorption capacity

 Jung et al. 2015 ). A positive correlation between the Ca and Mg

ontents of biochars and phosphate adsorption was also observed

y Takaya et al. (2016) . Authors found that only a small fraction

f P-loading was reversible through desorption, suggesting the for-

ation of a stable P composite on the biochar surface. Scanning

lectronic microscopy and X-ray photoelectron spectroscopy im-

ges have revealed nano-scale Mg-P precipitates closely adhered

o biochar surfaces ( Yao et al. 2013 ). 
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. Factors influencing nutrient removal by biochar 

.1. Pyrolysis conditions 

Unmodified biochars typically have very low capacity for NO 3 
−

nd PO 4 
3 − irrespective of pyrolysis conditions. However, it is well

stablished that biochars pyrolyzed at lower temperatures retain

ore anionic functional groups and thus exhibit higher adsorption

apacity for NH 4 
+ than those pyrolyzed at higher temperatures (as

iscussed in subsection 3.3 ). For example, Yang et al. (2017) ob-

erved Q max values of pine sawdust biochar pyrolyzed at 300

C and 550 °C to be 5.38 and 3.37 mg N/g, respectively. Simi-

arly, Gai et al. (2014) studied twelve biochars from three types of

iomass pyrolyzed at four temperatures, to report that the sorption

f NH 4 
+ was negatively dependent with pyrolysis temperature. 

The negative relationship between NH 4 
+ Q max and pyrol-

sis temperature is attributed to the loss of N-, H-, and

-containing polar functional groups at higher temperatures

 Keiluweit et al. 2010 ). Relatedly, the significant decrease in CEC

ith the increase of pyrolysis temperature has been considered the

ain contributor to the decrease in Q max , since ion exchange is be-

ieved to be the predominant mechanism in the process of NH 4 
+ 

dsorption ( Gai et al. 2014 , Yang et al. 2017 ). Furthermore, the in-

reased temperature may increase the aromaticity and hydropho-

icity of biochar surfaces ( Ahmad et al. 2014 , Mukome et al. 2013 ),

hereby weakening contact of biochar with the hydrophilic NH 4 
+ . 

Increasing biochar production temperature has often been

inked to decreasing ammonium adsorption, inconsistencies exist

n the literature. Yao et al. (2012) reported no significant relation-

hip between the adsorption of NH 4 
+ and pyrolysis temperature,

hile Zeng et al. (2013) observed an increase in adsorption ca-

acity towards both NH 4 
+ and PO 4 

3 − at higher temperatures. The

ignificant increase of surface area with the increase of pyrolysis

emperature (500 to 700 °C) was believed to be the main reason.

lthough Li et al. (2018) observed a decrease of ammonium ad-

orption by biosolid biochar with the increase of pyrolysis tem-

erature, inconsistencies were found in this study regarding the

dsorption of ammonium by switchgrass biochar and water oak

iochar. These contrary findings indicate that multiple mechanisms

overn the adsorption of N and P. 

.2. Co-existing ions 

As described above, cation exchange is a dominant mecha-

ism for the removal of NH 4 
+ from aqueous solution. As a re-

ult, the presence of competing cations such as Na + , K 

+ , Ca 2 + , and

g 2 + may decrease NH 4 
+ adsorption to biochar ( Yang et al. 2017 ).

his may be especially relevant for cations with higher bonding

ffinities towards biochar than NH 4 
+ . Divalent cations are typically

tronger competitors as they have greater charge density and can

ccupy more adsorption sites on biochar ( Yang et al. 2017 ). While

ou et al. (2016) demonstrated that increasing cation concentra-

ion decreased the NH 4 
+ adsorption capacity of giant reed biochar,

uthors also reported that divalent cations (Ca 2 + and Mg 2 + ) com-

eted more weakly with NH 4 
+ than the monovalent cations (Na + 

nd K 

+ ). The intensity of competition between NH 4 
+ and other

ations depends on their relative electric affinity for the given

unctional groups, and pH-related variable charge at biochar sur-

aces. 

Anion adsorption by biochars is governed by the intensity and

ffinity of positively charged sites generated by metals and metal

xides at biochar surfaces, except for specific complexation via

ovalent bonds. Novais et al. (2018) observed that the affinity of

nions to biochar increased with the increasing surface charge

f biochar and decreasing hydrated ionic radius, indicating an

lectrostatic interaction between biochar and anions. Anions such
s phosphate and sulfate may compete with nitrate for adsorption

n biochars ( Chintala et al. 2013 ). It is expected that the more

egatively charged anions would occupy more available adsorption

ites on the biochar surface, leading to a significant decrease

n nitrate adsorption to biochar. The net nitrate adsorption by

iochars would depend on the relative affinities of nitrate to

dsorption sites compared to other anions. Yao et al. (2013) ob-

erved that anions such as Cl −, NO 3 
−, HCO 3 

− compete with PO 4 
3 −,

hereby decreasing P adsorption. This effect was strongest when

hese three competing ions were mixed in solution together.

he reduction of P adsorption by each anion separately was less

han 20%, while P adsorption was reduced by nearly 40% when

nions were mixed. Authors hypothesized that anions like Cl − and

O 3 
− could not precipitate with Mg in the engineered biochar,

nd the reduction of P adsorption was caused by the completion

r blocking of the surface adsorption sites. Competition among

l −, NO 3 
−, PO 4 

3 −, SO 4 
2 − for adsorption sites was also observed

n Al-doped biochar ( Novais et al. 2018 ). Fang et al. (2014)

imilarly found that P adsorption by biochar decreased

lightly in swine wastewater compared to artificial wastewa-

er, likely due to the presence of competing anions in swine

astewater. 

.3. Ambient pH 

Aqueous pH not only influences the chemical form of ions but

lso alters the variable charge on biochar surfaces via protonation

nd deprotonation of surface functional groups, thus affecting ion

dsorption processes. Yang et al. (2017) reported that NH 4 
+ ad-

orption by three biochars was significantly increased with increas-

ng pH. Similar trends were observed for the sorption of NH 4 
+ 

rom swine manure anaerobically digested slurry by wood and

ice husk biochars ( Kizito et al. 2015 ). At lower pH, the H 

+ ions

ay strongly compete against NH 4 
+ for the adsorption sites on

he biochar surface, thus inhibiting NH 4 
+ adsorption and removal

fficiency. Moreover, the protonation of negatively charged func-

ional groups on the biochar surface hinders the interaction be-

ween NH 4 
+ and biochar ( Kizito et al. 2015 , Yang et al. 2017 ).

hintala et al. (2013) found that increasing pH weakened the ad-

orption of nitrate on biochars, mainly due to the dissociation and

eprotonation of functional groups on the biochar surface, which

ead to electrostatic repulsion between nitrate and biochar sur-

aces. 

It was similarly observed that increasing pH had a negative ef-

ect on the removal of anionic phosphate due to the pH-dependent

peciation of P (H 2 PO 4 
−, HPO 4 

2 − and PO 4 
3 −) in the aqueous phase

 Fang et al. 2014 ). As pH increases, the form of P tends to have

ncreased negative charge density. This, combined with the depro-

onation of biochar surface functional groups, results in increased

lectrostatic repulsion and decreased P adsorption. Furthermore,

H 

− ions at higher pH may also compete with P for sorption sites

n the biochar surface. Li et al. (2016) reported that layered dou-

le hydroxides (LDH)-modified biochar performed best for P re-

oval at low pH (e.g. pH = 3). The authors demonstrated that the

rotonation of biochar surface functional groups at low pH under

ero-point charge (pH zpc ) resulted in an increase in positive surface

harge, which is believed to enhance the adsorption of phosphate

 Li et al. 2016 ). 

.4. Ambient temperature 

Adsorption processes are influenced by the ambient tempera-

ure of aqueous environments due to both physical diffusion and

eat exchange processes (i.e., endothermic/exothermic reactions).

ncreasing the ambient temperature from 25 to 40 to 50 °C re-

ulted in a decrease in the NH 

+ adsorption capacity of cotton
4 
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Fig. 4. Illustration of apparent net adsorption of phosphate by biochar. 
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stock biochar and NaOH-modified cotton stock biochar pyrolyzed

at 300 °C ( Gao et al. 2015 , Liu et al. 2016 ), as the adsorption of

NH 4 
+ was shown to be an exothermic process. However, the oppo-

site result was reported by Kizito et al. (2015) , who found that the

adsorption of NH 4 
+ from swine manure anaerobic digested slurry

by wood and rice husk biochars increased as the temperature in-

creased from 15 to 45 °C, implying an endothermic process. One

explanation is that higher temperatures may facilitate the diffu-

sivity of adsorbed NH 4 
+ into the inner structure of biochar, thus

leading to the elevated adsorption. 

The sorption of nitrate by biochar has also been shown to be

temperature-dependent. The nitrate adsorption capacity of biochar

derived from bamboo biochar decreased (from 1.25 mg N/g to

about 1.0 mg N/g) as the temperature increased (from 10 to

20 °C) ( Mizuta et al. 2004 ), which suggests that the adsorption

of nitrate by bamboo biochar is an exothermic process. Increas-

ing the temperature from 25 to 45 °C enhanced the adsorp-

tion of PO 4 
3 − by corn biochar, and the thermodynamic calcula-

tion suggested that the sorption is an endothermic and sponta-

neous process ( Fang et al. 2014 ). This result was corroborated by

Jung et al. (2015) , who found that the increase of ambient tem-

perature from 10 to 30 °C promoted the adsorption of PO 4 
3 −

by peanut shell biochar. In this study, the rising Langmuir con-

stant with increased temperature indicates that the adsorption

affinity increases at higher temperatures. It has been speculated

that increasing temperature can promote the random thermal mo-

tion of ions, which may enhance the likelihood of collision be-

tween phosphate and adsorption sites on biochar ( Kilic et al. 2013 ,

Wang et al. 2016 ). 

5. Challenges and perspectives 

Biochars may contain considerable amounts of endogenous N

and P depending on the composition of their biomass feedstocks.

As such, biochar may become the source of nutrients in water

through the release of inorganic N and P. Yao et al. (2012) stud-

ied the leaching of NH 4 
+ and NO 3 

− from biochars, and found

that among tested thirteen biochars, four of them released rather

than removed NH 4 
+ , while nine of them released NO 3 

−. Similarly,

Chen et al. (2017) observed the slow release of NH 4 
+ from biochar

into the aqueous solution, accounting for 0.3%–4.92% of total NH 4 
+ .

The release of NO 3 
− in unmodified biochar was also observed by

Gai et al. (2014) . Cacao shell and corn cob biochars released 1483

mg/kg and 172 mg/kg PO 4 
−P, respectively, in a 60-day continu-

ous leaching study ( Hale et al. 2013 ). Park et al. (2015) reported

even higher levels of phosphate release from sesame straw biochar,

ranging from 62.6 mg/g to 168.2 mg/g as pyrolysis temperature in-

creased. High levels of PO 4 
3 − released into the aqueous phase may

be attributed to the low binding affinity of phosphate to biochar

with low metal (Ca and Mg) contents ( Jung et al. 2015 ). Signifi-

cant phosphate release was observed by Cui et al. (2016) , who re-

ported that 17 of 22 tested biochars released PO 4 
3 − into the aque-

ous phase with a maximum amount of 3.68 mg P/g biochar. Latest

research has shown that inherent or added alkali metals in biochar

can dramatically alter the leaching of P from biochar, which has

important implications for engineering of biochar for water treat-

ment applications ( Buss et al. 2020 ). At higher initial PO 4 
3 − con-

centration level, biochar tends to adsorb rather than release PO 4 
3 −.

Therefore, the “net adsorption” of PO 4 
3 − in the biochar-aqueous

system is determined by both the adsorption of exogenous PO 4 
3 −

to biochar and the release of endogenous PO 4 
3 − from biochar into

the water. The amount of xenobiotic PO 4 
3 − adsorbed by biochar

increases as its initial concentration in aqueous phase increases,

while the release of endogenous PO 4 
3 − is maintained at a constant

level. Negative values occur when the concentration levels are rel-
tively low, while positive values occur at relatively high concen-

ration levels ( Fig. 4 ). 

In addition, ions present in natural water bodies and/or

astewater environments act as strong competitors with NH 4 
+ ,

O 3 
−, and PO 4 

3 −, and consequently decrease their adsorption to

iochar. Cations, such as Na + , K 

+ , Ca 2 + , Mg 2 + , can significantly

ompete with NH 4 
+ , while anions, such as Cl −, HCO 3 

−, SO 4 
2 −, neg-

tively impact the removal of NO 3 
− and/or PO 4 

3 −. It has been ob-

erved that more than 90% of the NH 4 -N adsorbed to maple wood

iochar can be desorbed in a KCl solution, indicating a significant

eplacement of NH 4 
+ by K 

+ ( Wang et al., 2015 a), it has been ob-

erved that a pure water solution can extract more than 20% of P

dsorbed to poultry manure biochar and sugarcane straw biochar

fter 4 extraction rounds, while more than 90% was extracted with

 solution of HCO 3 
− ( Novais et al. 2018 ). Therefore, the application

f unmodified and modified biochar for the removal of nutrients

rom water is challenging, in terms of the high variability of ex-

ected effectiveness. Not only because the endogenous nutrients in

iochar can be potential sources under certain circumstances (es-

ecially when N and P in water are present at low concentrations),

ut also of the competition posed by the other ions that are abun-

ant in water/wastewater. 

Though biochar and its modifications have been deeply inves-

igated for their ability to remove P and N from water, uncer-

ainty remains due to differences in biochar properties and those

f the aqueous environment. Additionally, the sorption capaci-

ies of biochars in the current studies are largely determined by

ingle-run batch adsorption experiments under controlled labo-

atory conditions, which are difficult to extrapolate to field con-

itions. The reusability, the stability, and the regeneration of

iochar and modified biochar after use also need more investiga-

ions. As a result, careful evaluations should be given to choos-

ng biochars for the removal of N and P from water and stan-

ardization of production and modification methods may be nec-

ssary before practical deployment of biochar for combating eu-

rophication. Furthermore, the potential contaminants in biochars

 Gelardi et al. 2019 ), as well as the cost and potential sec-

ndary pollution of modifying biochars, should also be taken into

onsideration. 
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. Conclusions 

The removal of nitrogen (NH 4 -N, NO 3 -N) and phosphorus (PO 4 -

) from water via adsorption by unmodified and modified biochar

as been extensively studied, with data revealing variable efficacy.

emoval efficiencies have been explained via ion exchange, biochar

urface functional group interaction, or precipitation. However, the

vidence so far has suggested that the majority of unmodified

iochars only weakly adsorb N and P, which is especially true for

he anionic forms of N and P due to electrostatic repulsion elicited

y the negatively charged biochar surface. Modification is neces-

ary to significantly enhance the adsorption capability of biochars

or N and P removal by reducing the electrostatic repulsion or en-

ancing surface interactions, though the cost and environmental

isks of biochar modification have yet to be fully explored. There-

ore, challenges still exist for the development of cost-effective, en-

ironmentally friendly, field applicable biochar adsorbents for nu-

rient removal from water. 
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