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A B S T R A C T   

The removal of excessive ammonium from water is vital for preventing eutrophication of surface water and 
ensuring drinking water safety. Several studies have explored the use of biochar for removing ammonium from 
water. However, the efficacy of pristine biochar is generally weak, and various biochar modification approaches 
have been proposed to enhance adsorption capacity. In this study, biochar obtained from giant reed stalks (300, 
500, 700 ◦C) was modified by sulfonation, and the ammonium adsorption capabilities of both giant reed biochars 
(RBCs) and sulfonated reed biochars (SRBCs) were assessed. The ammonium adsorption rates of SRBCs were 
much faster than RBCs, with equilibrium times of ~2 h and ~8 h for SRBCs and RBCs, respectively. The 
Langmuir maximum adsorption capacities of SRBCs were 4.20–5.19 mg N/g for SRBCs, significantly greater than 
RBCs (1.09–1.92 mg N/g). Physical-chemical characterization methods confirmed the increased levels of car-
boxylic and sulfonic groups on sulfonated biochar. The reaction of ammonium with these O-containing func-
tional groups was the primary mechanism for the enhancement of ammonium adsorption by SRBCs. To conclude, 
sulfonation significantly improved the adsorption performance of biochar, suggesting its potential application for 
ammonium mitigation in water.   

1. Introduction 

Owing to rapid worldwide industrial development and agricultural 
expansion, excessive anthropogenic ammonium inputs from industrial 
effluents, domestic discharge, and agricultural runoff into aquatic sys-
tems have elevated the risk of eutrophication in water bodies, including 
rivers, lakes, estuaries, reservoirs, and oceans (Conley et al., 2009; 
Woodward et al., 2012; Xia et al., 2020). Therefore, ammonium removal 
from water and wastewater is vital. Biological processes are the most 
widely adopted techniques that convert ammonium into nitrite and ni-
trate under aerobic conditions and subsequent reduction to N2 under 
anaerobic conditions (Maranon et al., 2006). Physicochemical methods 

(i.e., air stripping or magnesium ammonium phosphate precipitation) 
have also been adopted to treat wastewater with high ammonium con-
centrations (Zhang et al., 2011). 

In the past decades, researchers have focused on the application of 
adsorbents, such as clay minerals (Alshameri et al., 2018), volcanic tuff 
(Maranon et al., 2006), zeolites (Niu et al., 2012), polymeric exchangers 
(Jorgensen and Weatherley, 2003), and biochars (Gai et al., 2014; Hale 
et al., 2013; Zeng et al., 2013), to remove ammonium from wastewater. 
Biochar, a C-rich solid residue produced by the thermal pyrolysis of 
biomass waste (Ahmad et al., 2014), has gained much attention as a 
low-cost adsorbent. Biochar has high cation exchange capacity (CEC) 
and significant O-containing functional groups (OFG), which are 
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considered to promote ammonium adsorption (Yang et al., 2017; Ser-
edych and Bandosz, 2007). Former studies have shown that biochar 
ammonium adsorption capacities vary significantly based on the feed-
stock type and the pyrolysis conditions (Fan et al., 2019; Kizito et al., 
2015; Hou et al., 2016), some of which yielded biochars that interacted 
only weakly with ammonium (Hou et al., 2016). 

To further enhance biochar’s capability for ammonium adsorption, 
various biochar modifications have been attempted based on two pri-
mary strategies. Increasing the CEC of biochar can provide more 
exchangeable cations for ammonium (Chen et al., 2017; Ismadji et al., 
2015; Gong et al., 2017). For instance, Gong et al. found that 
Mg-modified biochar offered significantly higher NH4

+ adsorption, 
associated with the exchange of Mg2+ (Gong et al., 2017). Moreover, 
introducing OFG on the biochar surface may promote more chemical 
bonding or electrostatic interactions with ammonium because biochar 
with a higher O/C mole ratio has demonstrated higher ammonium 
adsorption capacities (Yang et al., 2017). Zhang et al. reviewed the re-
ported performance of biochars on the removal of ammonium from 
water and found that the modified biochars had a much higher 
adsorption capacity (22.78 mg N/g average) compared to the unmodi-
fied ones (11.19 mg N/g) (Zhang et al., 2020). Besides, biochar sulfo-
nation has also been reported for incorporating –SO3H on biochar 
surface, which has been used as a catalyst in recent studies (Cao et al., 
2018; Hidayat et al., 2015; Xiong et al., 2018). 

Giant reeds (Arundo donax L.) were selected as the biochar feedstock. 
This plant is geographically widespread in China and is frequently used 
in constructed wetlands for water and wastewater treatment because of 
its rapid growth, resistance to drought and flooding, and high yields 
(Hou et al., 2016; Zheng et al., 2013). Further, the proper disposal of 
giant reed waste after harvest from constructed wetlands in autumn/-
winter is urgent. We hypothesized that introducing O-containing func-
tional groups to biochar surfaces, such as –SO3H via sulfonation, can 
enhance the adsorption of ammonium. Therefore, this study aimed to: 
(1) compare the ammonium adsorption capacities of biochar produced 
at 300, 500, and 700 ◦C from giant reed stalks (RBC) and its counterpart 
after sulfonation (SRBC); (2) characterize the surface properties, 
particularly the surface functional groups of the RBC and SRBC; and (3) 
investigate the mechanisms of the ammonium adsorption enhancement. 
Results are expected to elucidate the possible fundamental mechanisms 
of ammonium adsorption by biochar and highlight the potential appli-
cation of modified biochar for water-quality control. 

2. Materials and methods 

2.1. Preparation of pristine and sulfonated biochar 

The giant reed stalks were harvested from a wetland in Zhejiang 
Province, China. It was washed with tap water to remove impurities and 
then dried at 60 ◦C for 24 h. The dried reed stalks were crushed using a 
tissue masher and sieved for fine powder (<100 mesh), which was then 
pyrolyzed in a customized quartz container using a muffle furnace 
(Nabertherm B180) at peak temperatures of 300, 500, and 700 ◦C with 
the heating rate of 5 ◦C/min under continuous gentle N2 purging (100 
mg/min) (Fig. S1). Before pyrolysis, N2 was purged in advance (100 mL/ 
min) for about 30 min to ensure a near-oxygen-free environment. 
Samples were kept at peak temperature for 1 h, then cooling down to 
room temperature for further use. During the whole pyrolysis process, 
including cooling down, the chamber was purged by gentle N2 contin-
uously with the same flow rate of 100 mL/min. The reed biochars (RBCs) 
pyrolyzed at these three temperatures are denoted as RBC300, RBC500, 
and RBC700. 

RBC sulfonation was performed via a thermal reaction with 
concentrated sulfuric acid. In detail, RBCs were individually mixed with 
98% H2SO4 at a solid-to-liquid ratio of 1:15 (g:mL) at 150 ◦C in a glass 
reactor, and the mixtures were magnetically stirred for 12 h. The solid 
residue was washed in hot water repeatedly until the washing effluent 

reached a neutral pH. The solid residues were then dried at 60 ◦C for 48 
h, and the final sulfonated reed biochars (SRBCs) derived from RBC300, 
RBC500, and RBC700 were denoted as SRBC300, SRBC500, and 
SRBC700, respectively. 

2.2. Adsorption experiments 

Ammonium chloride (NH4Cl, Sinopharm Chemical Reagent Co.) was 
used to prepare the ammonium solution for adsorption experiments. 
100 mg N/L NH4Cl was prepared with distilled water as the stock so-
lution, and the other concentrations of ammonium used in the adsorp-
tion experiments were diluted from the stock solution. Solution 
chemistry was not adjusted further. The final concentrations of ammo-
nium in all samples, including controls, were determined using a na-
tional standard method of China: salicylic acid spectrophotometry with 
a detection limit of 0.01 mg/L and a sensitivity of 0.04 mg/L to 1.00 mg/ 
L (10 mm cell). The ammonia and ammonium ions in the water can react 
with the salicylate and hypochlorite ions in the presence of sodium 
nitroprusside under alkaline condition (pH = 11.7). A blue compound 
was generated and was determined by a spectrophotometer at a wave-
length of 697 nm. (Ministry of Environmental Protection, 2009). All the 
ammonium concentrations above 1.0 mg/L were diluted into this con-
centration range for the best accuracy. 

2.2.1. Adsorption kinetics 
The adsorption kinetics were carried out using batch experiments. 

Each sample contained 20 mL ammonium solution (5 mg N/L) along 
with 0.05 g RBC or 0.02 g SRBC and was sealed in a 22 mL glass tube 
with a Teflon-sealed cap. Duplicate samples along with duplicate control 
samples without RBC or SRBC were prepared for each time interval (0, 
0.25, 0.5, 0.75, 1.0, 2.0, 4.0, 6.0, 8.0, 12.0, 16.0, and 24.0 h). Samples 
were shaken at 25 ± 0.5 ◦C at 150 rpm, collected at each time interval, 
and filtered by a 13 mm*0.22 μm hydrophilic polyethersulfone (PES) 
syringe filter before NH4

+ analysis. The amount of NH4
+ adsorbed by the 

biochars at each time interval was calculated based on the following 
equation: 

Qt =
(C0 − Ct)V

m
(Eq. 1)  

where Qt is the adsorbed amount of NH4
+ (mg N/g) at time t, and C0 and 

Ct are the initial and equilibrium NH4
+ concentrations (mg N/L) at time 

t, respectively. V and m are the solution volume (L) and mass (g) of 
biochar in each sample, respectively. 

The pseudo-first-order (PFO) kinetic model (Eq. (2)) was first sug-
gested by Lagergren (1898) to describe the liquid-to-solid adsorption 
rate, and the pseudo-second-order (PSO) kinetic model (Eq. (3)) was 
suggested by Ho (Ho, 1995; Ho and McKay, 1999) when chemisorption 
occurred. Both are often applied as potential prediction models to fit 
adsorption kinetics data, and they were both used to fit the determined 
kinetics data. 

Qt =Qe1(1 − e− k1 t) (Eq. 2)  

Qt =
k2Q2

e2t
1 + k2Qe2t

(Eq. 3)  

where k1 and k2 are the rate constants for first-order and second-order, 
respectively, and Qe1 and Qe2 are the maximum adsorption amounts 
estimated by the PFO and PSO kinetic models, respectively. 

2.2.2. Adsorption isotherms 
Adsorption isotherms were studied via batch adsorption experi-

ments. Biochar (0.1 g for RBCs and 0.02 g for SRBCs) was mixed with 
20.0 mL ammonium solutions with varying N concentrations (1–15 mg 
N/L) at 25 ± 0.5 ◦C in 22 mL glass tubes with Teflon-sealed caps. After 
shaking for 24 h at 150 rpm, samples were filtered using 0.22 μm 
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hydrophilic syringe filters before ammonium analysis. All samples were 
conducted in duplicate, and the control samples without biochar were 
also prepared. The classic Langmuir adsorption model (Eq. (4)), which 
describes monolayer adsorption behavior and an adsorption maximum, 
was employed to fit the non-linear adsorption isotherms. 

Qe =
QmKLCe

1 + KLCe
(Eq. 4)  

where Qe is the adsorbed amount of ammonium (mg N/g) by biochars at 
equilibrium concentration Ce (mg N/L), KL is the Langmuir adsorption 
constant, and Qm (mg N/g) is the estimated adsorption capacity of the 
biochar. 

2.3. Characterization of RBCs and SRBCs 

The morphology of RBCs and SRBCs was observed by applying field- 
emission scanning electron microscopy (FE-SEM, Hitachi SU-8010) 
with Pt-coated to samples, and all FE-SEM images were recorded at 

10.0 kV. 
The surface areas of the biochars were analyzed using the N2 

adsorption-desorption method with a surface area analyzer (Micro-
meritics Gemini VII, USA). All samples were degassed at 90 ◦C and 
200 ◦C before measurement. The surface areas were determined via 
multipoint analysis of the N2 adsorption and desorption, and the Bru-
nauer–Emmett–Teller (BET) surface areas were recorded. Standard 
samples with known surface areas were analyzed for quality control and 
the RBC and SRBC samples. The biochars’ elemental compositions (C, S, 
O, H, N) were determined using an elemental analyzer (Vario EL Cube, 
UK). 

Fourier-transform infrared spectroscopy (FTIR) data was collected 
over a wavenumber range of 4000–400 cm− 1 using a Thermo Fisher 
Nicolet iS 5 spectrometer and deuterated-triglycine sulfate detector with 
a 4 cm− 1 resolution. The samples (about 2 mg) were mixed in KBr (about 
200 mg) powder and then grounded fully and pressed to a transparent 
pellet before analysis. Transmission analysis was conducted on KBr 
pellets to characterize biochar’s the functional groups. X-ray 

Fig. 1. The Scanning electron microscopy images of giant reed biochars (RBCs) and sulfonated RBCs (SRBCs). A) RBC300; B) SRBC300; C) RBC500; D) SRBC500; E) 
RBC700; F) SRBC700. 
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photoelectron spectroscopy (XPS) was tested using a Thermo Scientific 
K-alpha + spectrometer to analyze the chemical states of the selected 
elemental compositions. 

3. Results and discussion 

3.1. Morphology of RBCs and SRBCs 

The morphologies of RBCs and SRBCs were observed via scanning 
electron microscopy (SEM, Fig. 1). There were no apparent differences 
among RBCs pyrolyzed at different temperatures and all RBCs (Fig. 1). 
Within the pyrolysis temperature range (from 300 to 700 ◦C), no visible 
pore structures formed on the biochar surface. Although studies re-
ported that biochars’ surface area (SA) generally increases with an in-
crease in pyrolysis temperature due to the decomposition of organic 
components in the biomass (Ahmad et al., 2014), the SAs of RBCs were 
not found to correlate with the pyrolysis temperature. RBCs pyrolyzed at 
300–700 ◦C in this study had very low SAs, ranging from 2.63 to 39.51 
m2/g with pore volumes of 0.005–0.016 cm3/g (Table S1). This result is 
consistent with the observation reported by Zheng et al. (2013), who 
found that the SAs of biochars derived from giant reeds (a species similar 
to those considered in this study) at 300–600 ◦C ranged from 2.16 to 50 
m2/g. The similarity of these results might reflect the properties and 
characteristics of the feedstock reeds. 

As noted, the surface morphology of the SRBCs (Fig. 1B, D, F) also 
showed no significant differences with their RBC counterparts at the 
same pyrolysis temperature, indicating that sulfonation with concen-
trated sulfuric acid did not alter the physical morphology of biochar. 
Meanwhile, the sulfonation process did not etch the biochar surface or 
create new pore structures, as indicated by the similarly low surface 
areas (4.17–13.31 m2/g) and low pore volumes (0.010–0.022 cm3/g) of 
SRBCs and RBCs. These results imply that differences in ammonium 
adsorption between RBCs and SRBCs could not be attributed to differ-
ences in their surface areas. 

3.2. Adsorption kinetics 

The kinetics of ammonium adsorption by RBCs and SRBCs were 
examined at ammonium concentrations of 5 mg N/L at different time 
intervals to investigate the adsorption rate and equilibrium time (Fig. 2). 
For all RBCs and SRBCs, a sharp Qt increase was observed at the 
beginning of adsorption, especially in the first 2 h, indicating higher 
initial adsorption potentials due to the maximal concentration 

differences between the adsorbent and solution. After that, the curves 
gradually reached a plateau, showing that the adsorption approached 
equilibrium. Although both PFO and PSO kinetic models fit the deter-
mination data well, and the PSO kinetic model performed much better 
with R2 values higher than 0.94 (Table 1). This indicates that the 
adsorption of ammonium by RBCs and SRBCs may be via chemisorption. 
Notably, SRBCs reached equilibrium more quickly than RBCs. Fig. 2 
shows that the equilibrium time for RBCs was approximately 8 h, while 
it was only about 2 h for SRBCs. In addition, the much higher k1 and k2 
values of SRBCs than those of RBCs also indicated faster ammonium 
adsorption by SRBCs than by RBCs (Table 1). For example, the k1 values 
of RBCs were 0.61–0.98 h− 1, while they were 2.09–5.34 h− 1 for SRBCs. 
The same trend was also applicable for k2. Gong et al. (2017) reported 
that the equilibrium time of ammonium adsorption by MgCl2-modified 
Phragmites australis biochar was approximately 10 h, and the kinetic 
curve fit the PSO model well. Thus, it can be inferred that chemisorption, 
including reactions with polar functional groups on the biochar surface 
and cation exchange, is the main mechanism for ammonium adsorption 
(Gong et al., 2017). Similarly, ammonium adsorption by pine sawdust 
and wheat straw biochars (300 ◦C and 500 ◦C) reached equilibrium in 
12 h (Yang et al., 2017). Compared with these results, the SRBCs in this 
study had a much faster adsorption rate, suggesting that they could be 
feasibly applied for water or wastewater treatment. Fig. 2 also shows 
that the equilibrium adsorption amounts of SRBCs were significantly 
higher than those of RBCs at the same initial ammonium concentration. 
RBC and SRBC pyrolyzed at 300 ◦C had higher adsorption capacities for 
ammonium than those pyrolyzed at 500 ◦C and 700 ◦C. 

3.3. Adsorption isotherms 

The ammonium adsorption isotherm experiments were conducted at 
initial ammonium concentrations of 0–15 mg N/L for both RBCs and 
SRBCs, and the results are shown in Fig. 3. Isotherm curves are typically 
non-linear, indicating surface-based adsorption patterns rather than 
partitioning into the biochar matrix. At low ammonium concentrations, 
the adsorption sites on the biochars were abundant, and the amounts of 
ammonium adsorbed increased sharply. With a further increase in the 
ammonium concentration in the aqueous phase, fewer adsorption sites 
became available, and the isotherm curves tended to bend and level off. 
Subsequently, the adsorption sites on biochar surfaces became satu-
rated, and maximum adsorption was reached. As a result, the Langmuir 
model, based on monolayer adsorption, was employed to fit the 
isotherm curves and estimate the maximum adsorption capacities (Qm) 
of each biochar. The estimated adsorption parameters obtained from 
Langmuir fitting are listed in Table 2. The correlation coefficients (R2) 
were all above 0.94, indicating that the Langmuir model can effectively 
fit the adsorption behavior of ammonium on RBCs and SRBCs. 

As shown in Fig. 3, for RBCs, the isotherm curve of RBC300 was 
significantly above those of RBC500 and RBC700, and RBC500 was 
slightly higher than RBC700 in the tested concentration range. Thus, the 
apparent adsorption capacity order is RBC300 ≫ RBC500 > RBC700. 
The Langmuir model estimated Qm of RBC300 was 1.92 mg N/g, higher 

Fig. 2. Adsorption kinetics of ammonium by giant reed biochars (RBCs) and 
sulfonated RBCs (SRBCs). The solid lines fit the pseudo-first-order kinetic 
model, and the dashed lines fit the pseudo-second-order kinetic model. 

Table 1 
Pseudo-first-order and pseudo-second-order kinetic model parameters of 
ammonium adsorption by biochars.  

Biochars Pseudo-first-order kinetic 
model 

Pseudo-second-order kinetic model 

k1, 
h− 1 

Qe1, mg 
N/g 

R2 k2, g⋅mg− 1 

h− 1 
Qe2, mg 
N/g 

R2 

RBC300 0.98 0.54 0.9497 2.22 0.59 0.9884 
RBC500 0.61 0.19 0.8869 3.81 0.21 0.9468 
RBC700 0.62 0.17 0.8870 4.15 0.19 0.9457 
SRBC300 5.34 2.27 0.9763 5.58 2.32 0.9857 
SRBC500 4.89 2.18 0.9097 3.91 2.27 0.9589 
SRBC700 2.09 2.02 0.9088 2.24 2.07 0.9552  
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than RBC500 (1.09 mg N/g) and RBC700 (1.30 mg N/g). This trend is 
consistent with reported results, which indicated that biochar pyrolyzed 
at lower temperatures has better ammonium adsorption performance. 
For instance, Gai et al. found a negative correlation between ammonium 
adsorption and pyrolysis temperature among 12 biochars from three 
feedstocks at four different pyrolysis temperatures (Gai et al., 2014). It 
has also been observed that a higher ammonium Qm for pine sawdust 
biochar produced at 300 ◦C than that produced at 550 ◦C (Yang et al., 
2017). The loss of polar functional groups, especially O-containing 
functional groups such as carboxyls, on the surface of biochar at higher 
pyrolysis temperatures is believed to be the main reason for the reduced 
Qm values (Keiluweit et al., 2010). In addition, Gai et al. (2014) and 
Yang et al. (2017) have found that the reduced cationic exchange ca-
pacity (CEC) at higher pyrolysis temperatures may lead to lower levels of 
ammonium removal via the reduction of ion exchange. 

The Qm values of SRBCs are much higher than those of RBCs, indi-
cating that biochar sulfonation can significantly enhance the adsorption 
of ammonium on biochar. For instance, the Qm of SRBC300 was 5.19 mg 
N/g, while RBC300 was 1.92 mg N/g (2.7x greater). Similarly, the Qm 
values of SRBC500 and SRBC700 3.85 and 3.65 times greater than those 
of their counterparts RBC500 and RBC700, respectively. After sulfona-
tion, the Qm differences among SRBCs were not as significant as those 
among RBCs, indicating that the sulfonation process may be the main 
contributor to enhance ammonium adsorption capacities of SRBCs. 

In our former publication (Zhang et al., 2020), we have summarized 
the Qm of biochars for ammonium adsorption in the reported literature 
and found that the majority of Qm by unmodified biochars was lower 
than 5.0 mg N/g, indicating that SRBC had comparable removal ca-
pacities with most of the unmodified biochars. However, it is lower than 

the average Qm of the modified biochars (22.78 mg N/g average). 

3.4. Mechanism of the enhanced adsorption of ammonium by SRBCs 

To reveal the enhanced ammonium adsorption mechanisms after 
sulfonation, detailed comparisons between SRBC300 and its counterpart 
RBC300 were conducted due to their best performance on ammonium 
adsorption. We hypothesized that the sulfonation process may have 
introduced polar functional groups to the biochar surface, leading to 
stronger interactions and subsequently enhancing the adsorption and 
removal of ammonium from water. As a result, various approaches were 
employed to characterize the surface properties of biochar before and 
after sulfonation, including FTIR, elemental analysis, and XPS. 

3.4.1. FTIR 
Surface functional groups, especially O-containing functional groups 

(OFGs), are believed to be predominant in governing the adsorption of 
ammonium on carbon surfaces. For example, Yang et al. found that low 
temperature-derived biochar has a higher O/C mole ratio and higher 
ammonium adsorption capacity than high temperature-derived biochar, 
and they believed that the chemical interaction or electrostatic attrac-
tions between biochar OFGs and NH4

+ was the main mechanism behind 
this outcome (Yang et al., 2017). Fig. 4 presents the FTIR spectra of 
RBC300, SRBC300, and ammonium-bounded SRBC300 from this study. 
Compared to higher temperatures, biochar produced at 300 ◦C have 
more OFGs, and aromatic carbon peaks are less prominent. 

The most significant difference between the FTIR spectra of RBC and 
SRBC is the band at 1174 cm− 1. It is reported that the FTIR bands at 
1172 and 1031 cm− 1 of the sulfonated biochar could be ascribed to the 

Fig. 3. Adsorption isotherms of ammonium by giant reed biochars (RBCs) and 
sulfonated RBCs (SRBCs). The solid lines are the Langmuir adsorption model 
fitted curves. 

Table 2 
Langmuir isotherm model parameters for the adsorption of ammonium on giant 
reed biochars (RBCs) and sulfonated RBCs (SRBCs).  

Biochars kL, L/mg Qm, mg/g R2 

RBC300 0.28 1.92 0.9891 
RBC500 0.12 1.09 0.9484 
RBC700 0.07 1.30 0.9691 
SRBC300 0.69 5.19 0.9858 
SRBC500 0.67 4.20 0.9649 
SRBC700 0.66 4.74 0.9836 

Note: KL = Langmuir adsorption constant; Qm = Estimated adsorption capacity 
of the biochars. 

Fig. 4. Fourier-transform infrared absorbance spectra of RBC300, SRBC300, 
and the difference spectrum of SRBC300 reacted with ammonium and the 
original SRBC300 spectrum. 
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S––O stretching modes of –SO3H (Cao et al., 2018), which corresponds 
to bands at 1174 and 1037 cm− 1 for SRBC300 (Fig. 4). These IR bands 
indicate that –SO3H was successfully introduced on the SRBC300 sur-
face. Furthermore, the band at 1712 cm− 1 is attributed to C––O 
stretching from carboxyls (Hidayat et al., 2015), indicating additional 
O-containing functional groups (other than –SO3H) were also intro-
duced on the SRBC300 surface after sulfonation. Both RBC300 and 
SRBC300 spectra are bands around 1600 and 1400 corresponding to the 
asymmetric (νas) and symmetric (νas) stretching vibrations of carboxyl 
groups. Additionally, the band at 2924 cm− 1 of SRBC decreased 
considerably (see Supporting Information, Fig. S2). This band is part of a 
quartet of peaks attributed to the symmetric and asymmetric vibrations 
of –CH2– and CH3 in aliphatic chains (Brancaleon et al., 2001; Parikh 
et al., 2014). Other indications of reduced aliphatic groups are seen with 
the decreases at 1455, 887, and 796 cm− 1 (Keiluweit et al., 2010; Hsu 
and Lo, 1999; Sharma et al., 2004; Ozcimen and Ersoy-Mericboyu, 
2010). Since the pyrolysis temperature of RBC300 was 300 ◦C, a 
considerable portion of un-carbonized biomass residue containing 
aliphatic chains remained. After sulfonation, the intensity of bands 
corresponding to aliphatic groups was significantly decreased due to the 
dehydration and carbonization effects of the concentrated sulfuric acid, 
which reduced the presence of C–H bonds of aliphatic chains. 

With the increased abundance of OFGs by sulfonation, a higher 
ammonium adsorption capacity was expected for SRBC300 than 
RBC300. Examination of the difference spectrum of the sulfonated bio-
char following reaction with ammonium reveals notable differences are 
apparent, suggesting inner-sphere complexation. Specifically, a down-
shift for bands corresponding to –SO3H, from 1174 to 1157 cm− 1 and 
1037 to 1029 cm− 1, and for COO− , 1610 to 1587 cm− 1 and 1400 to 
1385 cm− 1, is observed (Fig. 4). Downward shifts in FTIR band loca-
tions, including COO− and –SO3H, upon adsorption, is commonly 
interpreted as evidence for chemical bonds (Hafner and Parikh, 2020; 
Kang and Xing, 2007; Peak, Ford, and Sparks, 1999; Yang et al., 2007). 

3.4.2. Elemental analysis 
The introduction of OFGs, such as –SO3H, –OH, and –COOH, was also 

reflected in the elemental compositions of RBC300 and SRBC300 
(Table 3). The weight fraction of O increased from 18.35% for RBC300 
to 33.44% for SRBC300, and that of S rose from 0.35% for RBC300 to 
2.73% for SRBC300. The O/C mole ratio was 0.21 for RBC300 and 0.52 
for SRBC300, while the Qm was 1.92 mg N/g for RBC300 and 5.19 mg N/ 
g for SRBC300. After sulfonation, higher O/C mole ratios resulted in 
greater ammonium adsorption capacities in SRBCs than in the un- 
sulfonated RBCs. It has also been observed that lower temperature 
produced biochar had both higher O/C mole ratio and ammonium 
adsorption capacity (Yang et al., 2017), which had the same trends with 
this study. In addition, the fraction of H decreased from 3.25% for 
RBC300 to 2.39% for SRBC300, which supports the FTIR analysis and 
suggests that sulfonation destroys the C–H bond in the aliphatic chain of 
RBCs, thereby causing the loss of H. 

3.4.3. XPS 
The XPS spectra of RBC300 and SRBC300 were scanned to observe 

differences before and after sulfonation (Fig. 5). The low-resolution XPS 
spectra for RBC300 and SRBC300 (Fig. 5A) showed changes in the 
biochar’s elemental composition upon sulfonation. Accordingly, the 
sulfuric acid modification introduced more oxygen-bearing functional 

groups into the SRBC sample, and the oxygen to carbon (O/C) atomic 
ratio increased from 0.17 to 0.29 post-treatment. The survey scans also 
suggest that sulfonation resulted in an increase in the atomic percentage 
of sulfur to approximately 2 at.%. Nitrogen was detected in both biochar 
samples but at minor levels, that is, 1–2 at.%; nitrogen might have been 
present in the forms of N–C and N–H groups but not as oxygen-bonded N 
groups. 

The high-resolution XPS data of S 2p, C 1s, and O 1s were decon-
voluted to study the bonding states between sulfur, carbon, and oxygen. 
Quantifications were obtained by applying the Tougaard background 
correction to these peaks. Our analysis of the high-resolution S 2p scan 
(Fig. 5B) was indicative of 2 S species in the SRBC300 sample: one S 
2p3/2 peak at the binding energy (BE) of 163.8 eV for C–S–C (sulfide) or 
C–S–H (thiol), and another S2p3/2 peak at the binding energy of 167.9 
eV for C–SO2–C (sulfone) or C–SO3H (sulfonate). Most of the S was 
present in the sulfone and/or sulfonate functional group(s) (~92 at.%), 
while sulfide was only present to a much lesser extent. These peaks agree 
with those reported in the literature for the S2p3/2 binding energy of 
organic sulfur compounds. A high-resolution scan of S 2p in RBC300 also 
showed a small peak around BE 168–170 eV that stemmed from the S 
content of the precursor material. 

Because of the close BEs between the C 1s peaks of graphitic and 
aromatic carbons (sp3 and sp2 C, respectively), these two carbon 
bonding states were not deconvoluted into two separate peaks but 
shared one main peak at 284.8 eV. This is a common charge-correction 
step for XPS data and for the comparison of XPS data for RBC300 
(Fig. 5C) and SRBC300 (Fig. 5D). Accordingly, the C 1s XPS spectrum 
was deconvoluted into six peaks. For RBC300, C–C/C–H/C––C was the 
major component (~71 at.%). The presence of aromatic carbon in the 
sample was also evidenced by the presence of the π–π * satellite peak at 
several eV beyond the BE of the main peak (~6 eV). Carbon could also 
have been present in the form of carbonate but only at a small per-
centage (~2 at.%). Alcohol and ether carbons (C–OH, C–O) were the 
second most prevalent carbon bonding states for up to 17 at.%. Ketone 
and carboxylic carbon also existed but at small fractions: ~4 and 3 at.%, 
respectively. Sulfonation significantly reduced the fraction of C–C/C–H 
in the SRBC300; aliphatic carbon remained the main component but 
only occupied ~60 at.%. In contrast, the atomic percentages of carbons 
bound to oxygen increased accordingly to ~20 at.% for ether, ~7 at.% 
for ketone, and ~7.7 at.% for carboxylic functional groups. These in-
creases are in agreement with the FTIR findings (Fig. 4), which indicated 
a higher fraction of the C––O functional group in SRBC300 than in 
RBC300. The reduction in the main carbon peak of SRBC300 could also 
be attributed to the sulfonation of aromatic carbon. Furthermore, the 
reduction in C––C aromatic carbon was coincident with the decline 
(disappearance) of the π–π* satellite peaks in SRBC300’s C 1s spectrum. 
The O 1s envelope of RBC300 was resolved into four peaks attributed to 
C-bearing oxygen groups. The O 1s of SRBC300 was deconvoluted into 
five peaks to account for the presence of C–SO2–C (sulfone) and/or 
C–SO3H (sulfonate), which was consistent with the high-resolution 
scans of S 2p and C 1s. 

3.4.4. Potential mechanisms 
From the above characterizations, sulfonation created no additional 

surface area for biochar. Thus, the enhanced ammonium adsorption can 
hardly be caused by the increase of surface area. Instead, the FTIR 
spectra and elemental analyses showed more O-containing functional 
groups, including –SO3H and –COOH, on SRBC than on RBC, indicating 
that sulfonation successfully incorporated such functional groups. 
Therefore, the chemical interaction or electrostatic attraction between 
OFGs and ammonium are most likely the main mechanisms to enhance 
the ammonium adsorption of sulfonated biochar. 

Seredych and Bandosz suggested that ammonia may act as a Brønsted 
or Lewis acid to form amines or amides with OFGs, and the latter acid is 
more likely to occur in dry environments (Seredych and Bandosz, 2007). 
According to their study, in the aqueous phase of natural water and 

Table 3 
Elemental analysis of RBC300 and SRBC300.  

Sample Weight fraction of elements, % O/C 

C Mole ratio O N S Ash  

RBC300 66.21 3.25 18.35 1.18 0.35 10.66 0.21 
SRBC300 48.50 2.39 33.44 0.98 2.73 11.96 0.52  
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wastewater, ammonium is the predominant form of ammonia, and it 
acts as a Brønsted acid to react with the carboxylic groups:  

R–COO– + NH4
+ = R–COONH4                                                            

After sulfonation, new sulfonic groups and more carboxylic groups 
were formed on the biochar surface, thus significantly enhancing the 
adsorption of ammonium from water. Detailed mechanisms are 
demonstrated in the graphical abstract.  

R–SO3
– + NH4

+ = R–SO3NH4                                                                

4. Conclusions 

This study performed batch adsorption kinetics and isotherm in-
vestigations on both reed biochars (RBCs) and sulfonated reed biochar 
(SRBCs) to evaluate their potential ammonium removal capacities. The 
results showed that biochar produced at a lower temperature (300 ◦C) 
had much greater ammonium adsorption capacity than those produced 
at higher temperatures (500 ◦C and 700 ◦C), attributed to the higher 
prevalence of OFGs. The ammonium adsorption rates of SRBCs were 
much higher, and maximum adsorption capacities were much greater 
than those of RBCs, indicating that sulfonation can significantly improve 
the adsorption performance of biochar for ammonium removal. Further 
characterization of RBC and SRBC revealed that –SO3H was successfully 

Fig. 5. XPS survey scans of RBC300 and SRBC300, and high-resolution scans of S 2p, C 1s, and O 1s.  
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introduced on SRBC, and O-containing functional groups, including 
–SO3

– and –COO–, increased after sulfonation. Ammonium in water can 
act as a Brønsted acid and react with carboxylic and sulfonic groups on 
biochar, which is most likely the main mechanism for the enhancement 
of ammonium adsorption by sulfonation. Thus, sulfonation could be 
usefully applied to increase O-containing functional groups and signif-
icantly improve biochar ammonium removal. However, the production 
process, especially the sulfonation, may cause non-ecofriendly issues if it 
is poorly managed. Besides, all results in this study were obtained in lab- 
scale batch experiments. Further investigations under field conditions 
are required to assess the potential application of sulfonated biochars in 
real water or wastewater environments. The influences of pH, dissolved 
organic matter, and so on need to be further investigated. 
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