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Abstract: Food waste, owing to its high organic content and
moisture, offers a more scientifically sound resource utiliza-
tion method compared to traditional treatment processes.
This study presents a method to convert food waste into
nitrogen-doped, modified hydrogel biochar modified food
waste hydrogel biochar and investigates its effectiveness in
adsorbing humic acid (HA). The modified biochar demon-
strates superior adsorption capacity for HA compared to un-
modified biochar. The adsorption follows the Langmuir iso-
therm model (R* = 0.999) , achieving a maximum adsorp-
tion capacity of 49. 5 mg/g with R_ = 0. 001 3-0. 005 1 (0 <
R, < 1). Furthermore, the adsorption process conforms to a
pseudo-first-order model. The mechanism underlying HA
adsorption involves the successful modification of food
waste hydrogel biochar by 3-Aminopropyltriethoxysilane
(APTES). This modification forms Si—R—NH;} on the
biochar surface, which interacts with the COOH— groups
in HA through hydrogen bonding and coordination bonds.
Some unmodified APTES directly adsorbs onto the biochar
surface, undergoing condensation and self-assembly to form
ladder-like oligomeric siloxane polymers that enhance HA
adsorption.
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Food waste (FW) represents 60% of China’ s munici-
pal solid waste and is notable for its high organic and
moisture content. These characteristics make it suscep-
tible to rapid degradation, resulting in secondary environ-
mental pollution''’. Proper management of FW is there-
fore crucial. The inherent characteristics of FW, how-
ever, pose challenges. For example, during aerobic
composting, significant loss of moisture and nutrients oc-
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curs, which slows down reaction rates >, Additionally,
the high protein content in FW often causes ammonia in-
hibition during anaerobic digestion, resulting in unstable
reactions and the generation of toxic gases'*. Converting
FW into biochar stands out as a promising method for
solid waste disposal. Yet, the efficiency of this process
depends heavily on the type of biomass used and the pro-
cessing conditions'**". Existing FW-derived biochar pos-
sesses a low specific surface area and limited pore vol-
ume, restricting its applications'”’. Substituting the pre-
cursor with FW hydrogel (FWH) , the resulting biochar
not only possesses a large surface area and abundant ac-
tive sites but also addresses the inherent high moisture
content and heterogeneity issues of FW materials'®*’.
This type of biochar is particularly effective for studying
organic pollutant adsorption'>’. To improve pollutant ad-
sorption, 3-aminopropyltriethoxysilane (APTES) has
been applied for HA removal"®’ and is particularly effec-
tive for studying organic pollutant adsorption. This modi-
fication enhances properties such as dispersibility, solu-
bility, and adsorption capacity''®""". While much re-
search has focused on the use of biochar for HA adsorp-
12 there remains a lack of clear comparison regard-
ing the performance of FWH biochar before and after
APTES modification. Furthermore, the mechanisms be-
hind the enhanced adsorption properties of modified

tion "

FWH biochar for HA remain unclear.

This study prepared gel-based nitrogen-doped biochar
using FWH as the precursor material. The adsorption ca-
pacities of FWH biochar and APTES-modified
nitrogen-doped biochar were compared. Key physico-
chemical properties of the modified biochar were investi-
gated using SEM, FT-IR, and XPS. Various factors af-
fecting the adsorption performance were evaluated, in-
cluding the initial HA concentration, adsorbent dosage,
pH, and adsorption time. Adsorption isotherms and ki-
netic models were also studied for the APTES-modified
gel-based nitrogen-doped biochar, helping to clarify its
adsorption behavior. The study also proposed a mecha-
nism for HA removal by the modified biochar. This re-
search offers a novel approach for turning FW into valu-
able resources and provides important insights for the
study of HA adsorption in water.
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1 Materials and Methods

1.1 Materials and equipment

A simulated FW was prepared using a composition of
35% rice, 16% pork, 45% cabbage, and 4% tofu''>. Af-
ter cooking, the FW was mixed with deionized water in a
1:5 mass ratio and then crushed to obtain the FW slurry.
The main characteristics of the slurry were the follow-
ing: total solids (TSs) ranged from 3. 2% to 3. 3%, vola-
tile solids (VSs) ranged from 2. 7% to 2.8%, pH was
between 5.7 and 5. 8, dissolved organic carbon (DOC)
concentration ranged from 944 to 1 204 mg/L, total nitro-
gen (TN) concentration ranged from 929 to 999 mg/L,
ammonium nitrogen (N-NH," ) concentration ranged
from 49 to 53 mg/L, and protein content ranged from
5.76 to 7. 58 mg/L.

N, N’-methylenebis (acrylamide) (MBA, AR
grade) , potassium acrylate (AAK, >95.0%), 3-amino-
propyltriethoxysilane (APTES, >99.0%) , and HA
(FA, 290.0%) were purchased from Shanghai McLean
Biochemical Technology Co. , Ltd. Acrylic acid (AA, >
98.0%) and melamine were purchased from Shanghai
Lingfeng Chemical Reagent Co. , Ltd. Potassium persul-
fate (KPS, AR grade) was obtained from Unindate Ini-
tiator Hefei Co., Ltd. Urea ( 299.0%) was provided
from China National Pharmaceutical Group Chemical Re-
agent Co. , Ltd. Anhydrous ethanol (>99. 7%) was pur-
chased from Nanjing Chemical Reagent Co. , Ltd.

The main experimental instruments included a mag-
netic stirrer water bath (HH-6J, Changzhou Enpei Instru-
ment Manufacturing Co. , Ltd. , China) , a centrifuge
(TDZ5-WS, Shanghai Luxiangyi Centrifuge Instrument
Co., Ltd. , China), a vacuum drying oven (KH-45A,
Guangzhou Kangheng Instrument Co. , Ltd. , China), a
muffle furnace (ASONE, HPM-2G, Japan), a crusher
and mixer (M1, Zhideng Technology (Shenzhen) Co. ,

Ltd. , China), and others.

1.2 Sample preparation

1.2.1 Preparation of FWH

To prepare FWH and biochar, 100 mL of FW slurry
was transferred into a 250 mL conical flask. KPS was
added to the flask and thoroughly stirred. The flask was
positioned in a water bath and heated at 80 “C with a stir-
ring speed of 300 r/min. After 2 h, the FW slurry was ex-
tracted from the water bath and centrifuged for 20 min.
The supernatant was gathered and transferred into an-
other 250 mL conical flask. The supernatant was then
heated to 70 C, during which AA, AAK, KPS, MBA,
and urea were incorporated. After processing, the mix-
ture was washed with ethanol and distilled water and then
dried to obtain FWH for subsequent usage.
1.2.2 Preparation of modified biochar

The preparation process is depicted in Fig. 1. To pro-
duce biochar, the FW and FWH were placed in a muffle
furnace at 900 C under a nitrogen atmosphere for 2 h.
After cooling to room temperature, the biochar was im-
mersed in a 6 mol/L HCI solution and treated with ultra-
sound for 30 min. The material was then filtered, rinsed
with distilled water and ethanol, and dried to yield the
modified FWHB900 biochar.
1.2.3 Preparation of nitrogen-doped modified

biochar

As shown in Fig. 1, to produce modified biochar,
FWH was blended with melamine in a 1: 1 mass ratio and
placed in a muffle furnace at 900 °C under a nitrogen at-
mosphere. After 2 h of static treatment, the sample was
cooled rapidly and ground into fine powder. The powder
was then immersed in a 6 mol/L. HCI solution, subjected
to ultrasonic treatment for 60 min, filtered, and rinsed
with distilled water and ethanol. The material was dried

to produce the modified biochar designated as

Ultrasonication for 30 min
to ensure thorough mixing
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Fig. 1 Preparation process of FWHB900-CN-NH,
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FWHB900-CN. Subsequently, 2.0 g of FWHB900-CN
was combined with 40 mL of anhydrous ethanol and dis-
persed using ultrasound. Then, 10.0 mL of APTES'*
was added to the mixture. The mixture was stirred at
room temperature for 24 h, after which the precipitate
was washed, dried, and ground through a 100-mesh
sieve to obtain nitrogen-doped modified biochar
(FWHB900-CN-NH,) and sealed for storage.
FWHB900 was utilized to prepare the control material,
FWHBY900-NH,.
1.2.4 Preparation and concentration determina-
tion of the HA solution

Preparation of HA solution is as follows''*'*); 1.0 g of
HA was dissolved in 1. 0 L of 0. 1 mol/L NaOH solution
to form a standard stock solution. This stock solution
was then diluted with deionized water to obtain HA solu-
tions of various concentrations. To analyze these solu-
tions, samples of different HA concentrations were with-
drawn, and their absorbance at 254 nm was determined
using a spectrophotometer. The data were used to gener-
ate a calibration curve correlating HA concentration with
absorbance. Similarly, the color intensity of the HA so-
lutions was assessed using a water quality analyzer, gen-
erating another calibration curve that linked HA concen-
tration to color intensity.

1.3 Analytical and calculation methods

1.3.1 Adsorption capacity calculation
The removal and adsorption capacity of HA were cal-
culated by applying Eqs. (1) and (2), respectively.

Co=Ci s 0% (1)
C,

Ry, =

(G- C)V
m

0, (2)

where O, denotes the adsorption amount at time ¢, mg/g;
Ry, is the removal rate of HA, % ; C, and C, represent
the equilibrium concentrations of HA in the solution be-
fore and after adsorption, respectively, mg/L ; V de-
notes the volume of the solution, L; m indicates the
mass of biochar added, g.
1.3.2 Adsorption isotherm calculation

The adsorption isotherm data were analyzed using the
Langmuir (Eq. (3)) and Freundlich models (Eq. (4)),
respectively. The Freundlich model is an empirical equa-
tion employed to describe multilayer adsorption equilib-
rium on heterogeneous surfaces.

C C 1

Qe B Q7m ’ KLQm (3)
Qe = KFCel/n (4)

1
Ro=1% K, C, (5)

where Q, represents the amount of HA adsorbed at equi-

librium, mg/g; C, denotes the concentration of HA re-
maining in the equilibrium solution, mg/L; Q, indicates
the maximum adsorption capacity of the adsorbent when
all available sites are saturated, mg/g; K; is a constant
that reflects the affinity of the binding sites, L/mg; R, is
the equilibrium parameter for evaluating whether adsorp-
tion is favorable; K corresponds to the Freundlich con-
stants related to the adsorption capacity, (mg-g™)/(mg-
L™")"; n represents adsorption intensity. K, and n can be
determined by plotting InQ, against InC, to obtain a linear
graph.
1.3.3 Adsorption kinetics calculation

Two kinetic models, namely the pseudo-first-order
(Eq. (6) ) and the pseudo-second-order models (Eq.
(7)), were employed to fit and analyze the adsorption ki-
netics.

ln(Qe_ Q/)zane_klt (6)
R
0° k.0 + 0. (7)

where k, is the rate constant of the pseudo-first-order
model, min™'; k, represents the rate constant of the
pseudo-second-order model, g/(mg-min).

2 Results and Discussion

2.1 Adsorption of HA by different biochar

Fig. 2 illustrates how different adsorption durations af-
fect HA adsorption by various materials. Adsorption
equilibrium  was  achieved in 60 min for
FWHB900-CN-NH,, 90 min for FWHB900-CN, and 5
min for both FWHB900-NH, and FWHB900. This rapid
increase is attributed to the availability of binding sites,
strong chelation, and a high mass transfer rate''*). At
equilibrium, the HA removal rates were 59.6% for
FWHB900-CN-NH,, 41. 8% for FWHB900-CN, 11. 1%
for FWHB900-NH,, and 10. 4% for FWHB900. The en-
hanced performance of biochar with —CN groups high-
lights the significant improvement in adsorption capacity
introduced by these functional groups. Additionally, bio-
char doped with APTES containing —NH, groups outper-
formed the non-doped. This suggests that the incorpora-
tion of cyanuramide significantly enhances biochar’s ad-

751 -o- FWHB900-CN-NH,
-7 FWHB900-CN
60 P
&a & O
5
g ast
=
Z 30t - FWHB900-NH,
£ -A- FWHB900
& 15 Y st
0 1 1 1 1 1 1

0 20 40 60 80 100 120 140
Time/min

Fig. 2 Impact of reaction time on HA removal (pH = 3.0,
C,=80mg/L,d=1g/L)
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sorption, while surface nitrogen modification with
APTES facilitates HA elimination.

2.2 Impact of single-factor experiments

The impact of initial pH on HA adsorption is evident.
At pH 3, the HA removal efficiency reaches 61. 0%, as
shown in Fig. 3(a). However, as the pH increases, the
removal drops significantly, reaching a minimum of
4.8% at pH 11. This decrease can be attributed to the
protonation of surface amine groups on the adsorbent at
low pH, resulting in ammonium ions (Si—R—NH?) ,
which interact with the deprotonated carboxyl groups
(HA—O") in the solution''®. Additionally, under acidic
conditions, the HA solubility reduces as pH decreases,

causing HA molecules to aggregate''””.
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Fig. 3 Influence of pH, dosage, and initial HA concentration
on HA removal. (a) pH, C,=80mg/L, d=1g/L, T=2h;
(b) Dosage, pH =3.0, C,=80 mg/L, T=2 h; (c) Initial HA
concentration, pH=3.0,d=1g/L, T=2h

The amount of adsorbent used also impacts HA re-
moval, as depicted in Fig. 3(b). At a dosage (d) of
1.6 g/L, a removal of 95. 8% was achieved with an ad-
sorption capacity of 47. 9 mg/g. Increasing the dosage to

2.0 g/L resulted in a peak removal efficiency of 98. 0%,
although the adsorption capacity per unit mass de-
creased. Higher adsorbent dosages offer more surface
area and adsorption sites, enhancing removal efficiency.
Compared to other materials like FW biochar,
FWHBO900, rice husk biochar, and modified rice husk
ash, FWHB900-CN-NH, demonstrated stronger adsorp-
tion capacity, rendering it a highly effective adsor-
bent! %1,

The influence of initial HA concentration on adsorption
is illustrated in Fig. 3(c). The highest removal efficiency
(99. 68%) was achieved at an initial HA concentration of
30 mg/L. At concentrations between 30-80 mg/L,
removal ranged from 99. 7% to 61.0%. For initial HA
concentrations below 60 mg/L, the adsorption capacity
increases with concentration, reaching a maximum of
49.5 mg/L at equilibrium'®’ before saturation is ob-
served.

2.3 Adsorption isotherms and kinetic models

2.3.1 Adsorption isotherms

The Langmuir model demonstrated a better fit for the
data compared to the Freundlich model, as indicated in
Fig. 4(a), with R? values of 0.960 and 0. 979, respec-
tively.  This suggests that HA adsorption on
FWHB900-CN-NH, and FWHB900-NH, follows the prin-
ciples of monolayer adsorption. The maximum adsorp-
tion capacities of  FWHB900-CN-NH, and
FWHB900-NH, for HA were 49. 6 and 34. 3 mg/g, re-
spectively, closely matching the experimental results of

60r
50
Tep 40F
an L
R
‘(\)7 20r O Experimental point
10k ---Langmuir model
—Freundlich model
0 1 1 1 1 1 1 ]
-10 0 10 20 30 40 50 60
C/(mg - L")
(a)
60

20 O Experimental point
10 - = Pseudo-second-order model
— Pseudo-first-order model

025 50 75 100 125

Time/min
(b)
Fig. 4 Adsorption isotherm model and adsorption kinetics
model of FWHB900-CN-NH, for HA (pH =3.0, C,= 80 mg/L,
d=1g/L). (a) Isotherm model; (b) Kinetic model
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49.5 and 34. 3 mg/g. A larger K, value indicated that HA
was more readily adsorbed onto the material surface'>".
The R, values of the Langmuir isotherm ranged from
0.001 3 t0 0.005 1 and 0. 010 1 t0 0. 084 3 (0 <R, < 1)
(Table 1), indicating favorable adsorption?. Compli-
ance with the Langmuir model implies that HA adsorp-

tion occurs uniformly as a single layer on the biochar ma-
terial” s surface>. Compared to other adsorbents, such
as modified rice husk ash'®’, rice husk biochar®*’, and
TiO,/graphene composites>* , FWHB900-CN-NH, dis-
played superior adsorption capacity. This makes it suit-
able for HA removal.

Table 1 Isothermal parameters related to HA adsorption by FWHB900-CN-NH,
Langmuir model Freundlich model
0, o (mg-g) 0, /mg-g™ K, R R, K, n R
49.6 49.5 7.769 0.960 0.001 3-0.005 1 38.422 13.135 0.721

2.3.2 Adsorption kinetic models

The fitting outcomes of the kinetic models are presented
in Fig. 4(b), with the corresponding constants and correla-
tion coefficients (R’) listed in Table 2. The pseudo-
first-order model (R” = 0. 999) exhibited a higher correla-
tion coefficient than the pseudo-second-order model (R’ =

0.934) , indicating that HA adsorption on FWHB900-
CN-NH, is better described by the pseudo-first-order
model. These findings suggest that the adsorption process
was mainly governed by physical adsorption, implying
that only a small number of ions or molecules within the

material interact with the active sites’>>.

Table 2 Kinetic model parameters for HA adsorption by FWHB900-CN-NH,

Pseudo-first-order model

Pseudo-second-order model

/(mg-g™")
Qo.cnf(me - 0/(mg-g™) K,

Q/(mg-g™") K, R

49.6 48.6 0.093 2

0.999 529

0.003 0 0.934

2.4 Characterization analysis

The characterization of modified biochar FWHB900-
CN-NH, was carried out under the following operating
conditions: an initial HA concentration of 80 mg/L, a
pH of 3.0, a FWHB900-CN-NH, dosage of 1.0 g/L,
and an adsorption time of 2 h. The material characteriza-
tion results are as follows.

) Pre-adsorption
Pre-adsorption

C—OH/C—0—Q c—0
n-m C=Q —OH c=0

Post-adsorption
C—OH/C—O

2.4.1 SEM analysis

The SEM images of FWHB900-CN-NH, before and af-
ter adsorption are presented in Figs. 5(a) and (b) , re-
spectively. Before adsorption, the surface appeared
rough with numerous pores, attributed to the doping and
attachment of APTES, which provided ample adsorption

sites. After adsorption, the surface became rougher and
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Fig. 5 Characterization analysis of FWHB900-CN-NH,. (a) SEM before adsorption; (b) SEM after adsorption; (c)FT-IR;
(d) C1s; (e) O 1s; (f) N Is
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uneven, as depicted in Fig. 5(b), with visible deposits
of HA filling the pores. This indicates the biochar’s high
adsorption efficiency for HA.
2.4.2 FT-IR analysis

The FT-IR spectra of FWHB900-CN-NH, before and
after adsorption are depicted in Fig. 5 (c). Several ab-
sorption peaks of the kitchen waste biochar aligned
closely with those observed in co-pyrolysis biochar de-
rived from peanut shells and FW'>'. The peak at 3 715
cm™' corresponds to the —NH, group. A strong absorp-
tion band at 3 415 cm™' is attributed to the stretching vibra-
tion of O—H. Sharp peaks at 2 918 and 2 849 cm™' corre-
spond to the asymmetric and symmetric stretching vibra-
tions of CH, found in fatty and lipid substances *®’. The
peak at 1 611 cm™' represented the characteristic peak of
the C—N bond in the amide I compounds. The peak at
1384 cm™ was attributed to the stretching vibration
of —CH,'*’, while the peak at 1 120 cm™' corresponded
to the stretching vibration of C—N. After HA adsorp-
tion, the intensity at 3 715 cm™! escalated, with several
new peaks appearing nearby, indicating that —NH,
served as adsorption sites. The intensities at 2 918 and
2 849 cm™' diminished, suggesting that the modified bio-
char successfully adsorbed HA. A new absorption peak
emerged at 1 396 cm™' owing to the resonance of COO—
functional groups in HA. These changes in functional
group peaks confirm the successful HA adsorption by the
biochar, resulting in the formation of chemical bonds.
2.4.3 XPS analysis

The XPS characterization of FWHB900-CN-NH, was
conducted to compare the elemental composition (c, o,

o

FWHB900-CN

NH NH; NH;

S]

APTES St Si
0

—>

A
O

Unreacted FWHB900-CN-NH,

APTES

@ 1A0AS

NH NH NH'

LAOAS surface

0 o 0 o FWHB9OO CN-NH,
I
- APTES
HN_~__ Q

and N) before and after HA adsorption. The results show
that after adsorption, the carbon content decreased from
79.40% to 73.99%, while the oxygen and nitrogen con-
tents increased from 12.96% and 10.37% to 14. 14%
and 10.61%, respectively. These changes indicate the
successful HA adsorption by FWHB900-CN-NH,. The
C 1s spectrum after adsorption (Fig. 5(d)) revealed four
peaks corresponding to C—0O, C—0O, O—C—N, and
C—C bonds, respectively. A new peak at 288. 86 eV, as-
sociated with the O—C—N in amides, further confirmed
effective HA adsorption. The O 1s spectrum (Fig. 5(e))
exhibited four peaks for —OH, C—OH/C—0—O0,
C—O, and C—0, respectively. Notably, the content of
C=—0 decreased significantly from 28. 72% to 12. 74%,
reflecting HA interaction with the material. After HA ad-
sorption, the ratio of the integrated intensity of the N 1s
peak (Fig. 5(f)) corresponding to O—C—N to the total
N Is peak intensity increased significantly from 62. 49%
to 66. 81%, indicating successful HA adsorption. In sum-
mary, the increase in O—C—N, —OH, and the decrease
in other C— indicated effective HA adsorption by the ma-
terial, with the presence of bonds
post-adsorption.

chemical

2.5 Mechanism analysis

The proposed mechanism for removing HA using
FWHB900-CN-NH, is depicted in Fig. 6. During the ni-
trogen doping modification process, APTES reacts
with —OH groups on FWHB900-CN through dehydra-
tion condensation, forming Si—R—NH; groups attached
Another portion of unreacted
k24
O O O
NH; NH; NH;

to the material surface.

l:">

Adsorbed HA

-O-SIW\NH

AN~ Ii—O-giW\NH
& 0
N
LAOAs

Fig. 6 HA adsorption mechanism diagram of FWHB900-CN-NH,
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APTES directly adheres to FWHB900-CN "',

The adsorption of HA by FWHB900-CN-NH, can be
mainly divided into three reaction processes: (1)
FWHBO00-CN has an inherent ability to adsorb HA. (2)
The Si—R—NHj groups introduced during modification
interact with the COO— groups in HA. This forms
O—C—N through hydrogen bonding and coordination,
effectively removing HA. (3) Some APTES adsorbed
on the FWHB900-CN surface hydrolyzes to generate si-
lanol and ethanol. These silanols undergo condensation
and self-assembly, creating ladder-like oligomeric
aminosilanes (LAOAs) with surface —OH groups'®.

HA is then adsorbed onto these groups' 2",

3 Conclusions

In this study, SEM, FT-IR, and XPS analyses con-
firmed the successful modification of FWH biochar with
APTES. At pH 3.0 and initial HA concentrations rang-
ing from 40 to 80 mg/L, FWHB900-CN-NH, achieved
HA removal rates of 99. 7% to 61. 0%. This reflected a
significantly enhanced adsorption capacity compared to
the unmodified material. The adsorption performance
conformed to the Langmuir isotherm model, with a maxi-
mum adsorption capacity of 49.5 mg/g, fitting a
pseudo-first-order kinetic model.

This study revealed the exceptional adsorption perfor-
mance of nitrogen-doped modified FWH biochar for HA
and provided the first detailed explanation of the adsorp-
tion mechanism. The improved adsorption performance
of nitrogen-doped modified biochar toward HA was pri-
marily attributed to the introduction of
Si—R—NH] groups on the biochar surface. These
groups interacted with the COO— groups in HA through
hydrogen bonding and coordination. Additionally, a por-
tion of APTES adsorbed on the surface underwent hydro-
lysis, condensation, and self-assembly to form LAOAs,
onto which HA was subsequently adsorbed.

successful
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