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Abstract: This study aimed to develop and optimize a novel biochar-based fertilizer composed of
rice husk biochar and urea-hydrogen peroxide (UHP), which can simultaneously slowly release
nitrogen and immobilize cadmium (Cd). Response surface methodology (RSM) was adopted to
optimize the fertilizer formulation with the lowest nitrogen release rate. Under the optimized
conditions, the cumulative nitrogen release rate of the biochar-based fertilizer was 17.63%, which was
significantly lower than that of ordinary fertilizer. Elementary analysis, scanning electron microscopy
(SEM) images, and Fourier transform infrared (FTIR) spectroscopy proved that UHP attached to
the porous structures of the biochar. The adsorption test showed that the adsorption of Cd onto
biochar-based fertilizer quickly reached equilibrium with an equilibrium adsorbing quantity (Q.)
of 6.3279 mg-g~! with an initial concentration of 10 mg-L~!. Compared to original biochar, the Cd
immobilization ability of biochar-based fertilizer was significantly better. The adsorption of Cd on
biochar-based fertilizer is mainly based on a monolayer adsorption behavior. Finally, improved
crop growth was demonstrated by pot experiments, which showed a significant increase in the
biomass of cabbage. The concept and findings presented in this study may be used as references in
developing a novel biochar-based fertilizer for simultaneously enhancing crop yield and reducing
environmental risk.

Keywords:  biochar-based fertilizer; urea-hydrogen peroxide; slow-release; nitrogen;
immobilization; cadmium

1. Introduction

Fertilizers play a vital role in enhancing crop yield. Many diverse fertilizers have been applied
to soil [1]. However, the use of fertilizers has been labeled by environmentalists as a main source of
water and soil environment pollutants. The main environmental impacts associated with fertilizer
use have been linked to leaching and runoff of nutrients, especially nitrogen, which causes aquatic
eutrophication. The extensive use of fertilizers may also decrease the pH and increase the availability
of heavy metals in soil [2]. Typically, cadmium is a highly hazardous metal, which can be easily
absorbed by plants with a high transfer coefficient and then assimilated by animals and humans [3].
For example, Huang et al. reported that applying large amounts of compound fertilizers constantly
increased the available content of Cd in soils. Accordingly, Cd absorbed by plants also increased [4].
Considering the crop production and environmental risk, researchers and fertilizer producers have
attempted to search for means to achieve newly defined goals of fertilizer use: improved fertilizer
nutrient use efficiency and reduced bio-availability of heavy metals in soil or fertilizers [5].
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Biochar is a carbon-enriched product obtained by heating biomass under low-oxygen or
oxygen-free conditions [6]. Biochar possesses specific properties, such as a porous structure, a relatively
large surface area, a large number of functional groups, and abundant mineral elements, that
benefit the immobilization of heavy metals and loading of fertilizer nutrients in soil. For example,
Yousaf et al. [7] demonstrated that biochar decreases the availability and uptake of Cd in wheat.
Numerous researchers also proved that supplementing biochar can reduce the fertilizer loss to
improve soil fertility. For instance, Kimetu [8] and Mizuta et al. [9] demonstrated that biochar,
which contains many functional groups, strongly adsorbs various nutrient ions, including nitrate,
ammonium, phosphate, and potassium ions, to load nutrients and reduce soil nitrogen nutrient loss.

However, biochar itself does not contain enough nutrients for crop growth. Asai et al. [10] found
that grain yield decreased when only applying biochar due to the insufficient supply of nitrogen (N).
Thus, supplementing biochar with certain fertilizers (for example urea) renders biochar materials more
suitable for stimulating plant growth [11] and heavy metal adsorption [12]. Due to the agricultural
and environmental advantages, biochar-based fertilizer has been receiving increasing attention [13].
Many researchers have observed that biochar-based fertilizers delay the release of nutrients in soil
and display a slow-release effect [14-17]. Supplementing biochar-based fertilizer can adjust the soil
pH, reduce the bulk density to improve soil ventilation and permeability, and increase the crop yield
significantly [18-20]. However, the effectiveness of biochar-based fertilizer for simultaneously slowly
releasing nitrogen and immobilizing heavy metals requires further investigation. In the present study,
we attempted to use urea—hydrogen peroxide (HNCONH; H,O, (UHP)) and biochar to prepare a
novel biochar-based fertilizer that can slowly release nitrogen and immobilize Cd simultaneously.
UHP is an oxygen-nitrogen fertilizer composed of a complex of urea with hydrogen peroxide (H,O,).
In agriculture, UHP exhibits two properties: it delivers oxygen through hydrogen peroxide and
supplies nitrogen for fertilizer by urea. Frankenberger [21] demonstrated that using UHP as a watering
solution after flooding can improve the aeration of soil and crop growth.

Although biochar-based fertilizers have many potential advantages, their storage, transport, and
application to soil remain challenging due to their irritation of human skin, eyes, and respiratory
system [22]. Husk and Major [23] found that 25% of their applied biochar was lost during field
spreading. Moreover, due to heavy rainfall events, 20-53% of biochar applied to the soil ran off [24].
Therefore, the development of suitable biochar-based fertilizer products that can provide a long-term
supply of nutrients and with a minimal loss of biochar is necessary. From this point of view,
pelletization can significantly alleviate the loss of biochar during application to soil and reduce
the costs of transport and handling [25]. However, some influencing factors, such as water addition,
mass ratio of fertilizer to biochar, and binder addition, affect pelletization [26]. Thus, optimization is
required. The traditional single-factor optimization is time-consuming and entails several experiments
for determining the optimal levels. This technique is also unreliable because of its exclusion of the
interactive effects among the variables studied [27].

In the present study, a novel biochar-based fertilizer composed of biochar and UHP was
investigated for the simultaneous slow-release of N and enhancing Cd adsorption. We hypothesized
that (1) urea from UHP can be slow-released from optimized biochar-based fertilizer and further
stimulate crop growth; (2) HyO, from UHP could increase oxygen-containing functional groups on
the surface of biochar-based fertilizers and thus enhance its ability to adsorb Cd. The Box—Behnken
design (BBD) of the response surface methodology (RSM), an effective statistical and optimization
technique [28], was adopted to study the influences of important operating parameters, including
water addition, mass ratio of fertilizer to biochar, and kaolin addition, on the release rate of nitrogen.
The physicochemical properties of optimal biochar-based fertilizer were characterized in detail. The Cd
adsorption capacity of the optimal biochar-based fertilizer was assessed through an adsorption
experiment. The effect on crop growth was also investigated using pot experiments.
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2. Materials and Methods

2.1. Preparation Process of Biochar-Based Fertilizer

Biochar was prepared through slow pyrolysis of rice husks at 500 °C. The biochar was then placed
in UHP solution for 24 h at room temperature. After the impregnation procedure, the biochar-based
fertilizer samples were transferred in an electric thermostatic drying oven at 60 °C for 24 h.
The biochar-based fertilizer was crushed and passed through 40-mesh (i.e., 425 pm mesh size) standard
metal sieves. Certain amounts of biochar-based fertilizer and kaolin were mixed and placed in a disc
pelletizer to begin pelletization. The rotating speed of the turntable was adjusted to 30 r-min~!, and
the tilt angle of the turntable was 45°. When the material was fully mixed, distilled water was sprayed
onto the granulator with an atomizer. After being shaped, the granular biochar-based fertilizer was
removed from the disc granulator, placed in an electric thermostatic drying oven, and dried at 40 °C.

2.2. Optimizing Parameters Using RSM

To optimize the preparation conditions for the biochar-based fertilizer, Design-Expert 8.0.6
(Stat-Ease Inc., Minneapolis, MN, USA) with RSM was used. The total outline included three factors:
water addition, mass ratio of fertilizer to biochar, and kaolin addition, each of which was coded at three
levels (—1, 0, and 1; Table 1). Equation (1) was created by using RSM to determine the relationship
between experimental factors and the response surface.

_ n n > n
Y= Ao+ Y AiXit Y AaXE ) ) A XXt e @

where Y is the response value predicted by the model; Ay, A;, A;;, and A;; represent the constant
term and coefficients of the linear, squared, and interaction terms, respectively; and ¢ is the residual
associated with the experiments.

Table 1. Levels and codes of experimental factors on the Box-Behnken design.

Experimental Factors

Level
Water Addition X7 (%) Fertilizer-Biochar Mass Ratio X, Kaolin Addition X3 (%)
-1 5 0.1 5
0 15 1 15
1 25 1.9 25

2.3. Leaching through a Sand Column Experiment

A leaching experiment was performed in a series of specially designed polyvinyl chloride (PVC)
columns (Figure 1). In this study, to reasonably evaluate the slow-release property, inert quartz sand
(Shanghai Tian Scientific Co., Ltd., Shanghai, China) was used to create a pure system for our leaching
experiment [29-31]. PVC tubes with an inner diameter of 4 cm and a height of 30 cm were used.
The bottom of the tubes were sealed with double layer 100-mesh gauze, and 20 cm of each PVC tube
was loaded with quartz sand that was passed through 40-mesh standard metal sieves. Distilled water
was used for leaching. After the solution became clear and transparent, 5 g of biochar-based fertilizer
was added and covered with 5-cm-thick quartz sand. The intermittent leaching test was initiated.
To simulate natural rainfall, distilled water (100 mL) was slowly added every 24 h. The leaching
solution was collected using 250 mL conical flasks. The urea content in the leaching solution was
determined by spectrophotometry with P-dimethylaminobenzaldehyd [32]. Each group was measured
three times. Equation (2) was used to calculate the urea content in the leaching solution. V represents
the volume of leaching solution and c represents the concentration of leachate.

M=V xc )



Sustainability 2018, 10, 2740 4 of 14

Distilled water

Quartz sand
—""layer

|
<

Biochar-based
fertilizer
» PVCtube

_|— Quartz sand

Figure 1. Overview of the column system.

2.4. Characterization of Biochar-Based Fertilizer

The concentrations of C, H, O, and N in biochar-based fertilizer were determined by an
elemental analyzer (Vario EL Cube, Elementar, Langenselbold, Germany). The morphology of
biochar-based fertilizer was analyzed by scanning electron microscopy (SEM). Fourier transform
infrared (FTIR) spectroscopies of biochar-based fertilizer were characterized by a Nicolet 6700
spectrometer (Thermo Scientific, Waltham, MA, USA).

2.5. Adsorption Experiments

Adsorption experiments were conducted by mixing 0.5 g of biochar-based fertilizer with
10 mg-L~! Cd?* solution and stirring with a magnetic stirrer under 25 °C. The samples were obtained
at different times to determine the Cd?* concentration by inductively coupled plasma optical emission
spectrometry (ICP-OES). Equation (3) was used to calculate the equilibrium adsorption capacity:

Qe = V(oo — pe)/m 3)

where V represents the volume (L) of Cd?* solution; m represents the mass of biochar-based fertilizer
(8); po and p, are the initial and final concentration (mg~L’1) of Cd?* solutions, respectively; and Q.
represents the amount of Cd?* adsorbed onto the biochar-based fertilizer (mg-g~1).

2.6. Pot Experiment Design

Three treatments, each with three replicates, were used in the current pot experiment: control,
biochar, and biochar-based fertilizer treatment. A total of nine pots was used. These pots were placed
in a greenhouse in a randomized arrangement. Each pot contained 300 g soil. The biochar and
biochar-based fertilizer amendment rate was 2% w/w dry weight. Cabbage seeds (Brassica chinensis L.)
were sprinkled on a filter paper moistened with deionized water in a petri dish. On day 7, germinated
seeds were randomly chosen and replanted in soil with one plant per pot. All pots were watered every
day under greenhouse conditions. After 30 days, all plant samples were harvested and weights of
fresh biomass were determined.
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3. Results and Discussion

3.1. Model Establishment and Analysis

Based on single-factor experiments, the effects of water addition (X1), fertilizer-biochar mass ratio
(X2), and kaolin addition (X3) on the slow-release ability of biochar-based fertilizer were determined
by RSM. The corresponding ranges and cumulative release rate obtained from these ranges are listed
in Table 2. The second-order polynomial model denoting the relationship between the response and
the variables is as follows:

Y =29.05 — 1.40X; + 3.94X; — 4.49X3 + 0.55X; Xa + 1.31X; X3 + 119X, X3 + 1.54X3 4 2.29X% — 4.62X2.  (4)

Table 2. Experimental design and results of the cumulative release rate of urea (n =3, 0 <0.2).

Code Factors Response Y (%)
Runs
X1 X, X3 Actual Predicted
1 0 1 -1 33.31 33.505
2 0 -1 -1 29.3 28.915
3 1 0 -1 27.95 27.75
4 -1 -1 0 31.35 31.345
5 1 0 1 21.77 21.380
6 1 1 0 35.51 35.515
7 0 -1 1 17.74 17.545
8 0 0 0 29.42 29.047
9 0 0 0 28.3 29.047
10 -1 0 1 21.37 21.570
11 0 0 0 29.42 29.047
12 -1 1 0 37.8 37.215
13 -1 0 -1 32.78 33.170
14 0 1 1 26.52 26.905
15 1 -1 0 26.85 27.435

Note: —1, 0, and 1 represent low, medium, and high levels, respectively; X;, water addition; Xj, fertilizer—biochar
ratio; X3, kaolin addition; and Y, cumulative release rate of urea.

Analysis of variance (ANOVA) was used to evaluate the significance of each factor and interaction
terms. As shown in Table 3, the distinction between the coefficient of determination (R? = 0.9944) and
adjusted coefficient of determination (Adjusted R? = 0.9843) was under 0.01. The model achieved
a significant result, with a p value less than 0.001; the lack-of-fit p value (p > 0.05) verified that the
model can adequately fit the experimental data. Figure 2a provides the plot of the predicted response
versus actual response. Most of the points were scattered monotonously around the fitting line; this
pattern indicates the good correlation between the predicted and actual responses. Figure 2b shows
the residuals versus predicted responses. The residual points were scattered randomly; therefore, the
obtained model can be adequate to describe the relationship between the cumulative release rate of
urea and the factors.

a Predicted vs. Actual b Residuals vs. Predicted
40.00

35.00

30.00

25.00

Predicted (%)

20.00

Internally Studentized Residuals (%)
o
§

15.00

T T T T T T T T T T T T
15.00 20.00 25.00 30.00 35.00 40.00 15.00 20.00 25.00 30.00 35.00 40.00

Actual (%) Predicted (%)

Figure 2. (a) Actual versus predicted cumulative release rate (%) of urea (correlation coefficient
(R?) = 0.9944, n = 3). (b) Residuals versus predicted cumulative release rate (%) of urea.
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Table 3. ANOVA of the response surface quadratic model.
Source SS::;:,’; Dl:ige:zieosn(:f Mean Square F Value I’;rXI:IS;
Model 403.92 9 44.88 98.53 <0.0001
X1, water addition 15.74 1 15.74 34.55 0.0020
X,, fertilizer—biochar ratio 97.30 1 97.30 213.62 <0.0001
X3, kaolin addition 161.46 1 161.46 354.47 <0.0001
X1 Xp 1.22 1 1.22 2.68 0.1625
X1 X3 6.84 1 6.84 15.01 0.0117
Xy X3 5.69 1 5.69 12.49 0.0167
X2 8.76 1 8.76 19.24 0.0071
X2 19.37 1 19.37 42.53 0.0013
X52 78.80 1 78.80 172.99 <0.0001
Residual 2.28 5 0.46
Lack of Fit 1.44 3 0.48 1.15 0.4966
Pure Error 0.84 2 0.42
R? 0.9944
Adjusted R? 0.9843
Predicted R? 0.9386
Adequate Precision 35.695

3.2. Effect of Interactive Variables

To illustrate the relationship between variables, we plotted response surface graphs (Figure 3).

The relationship between water addition and fertilizer—biochar mass ratio is illustrated in Figure 3a.
At a fixed fertilizer—biochar mass ratio (such as 1.9), the cumulative release rate decreased from
37.8 to 35.1% as water addition increased from 5 to 25%. This result was achieved because kaolin
powder mixed with water molecules to produce a sticky material during agglomerate granulation.

With increasing the particle size of biochar-based fertilizer, resistance was created when nutrients in

particles migrated to the surface. Large fertilizer particle sizes resulted in a long nutrient transfer path
from inside to outside, large resistance, and long travel time [33].

%)

Cumulative releaserate ofurea (

Cumulative release rate ofurea (%)

Cumulative releaserate ofurea(%)

Figure 3. Response surfaces achieved using the Box-Behnken design: (a) water addition versus

fertilizer-biochar rate, (b) water addition versus kaolin addition, and (c) fertilizer-biochar rate versus
kaolin addition.
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The fertilizer-biochar mass ratio exerted a negative effect on the cumulative release rate, meaning
the response decreased as the biochar amount increased. This result is in accordance with Jiang’s
work [33]. The authors suggested that this effect was observed because some urea molecules entered
the pores of the biochar given the dissolution by water, mechanical agitation, and biochar adsorption.
The pores displayed a capillary effect due to their small pore size, and their strong adsorption of urea
molecules enabled the biochar to release the urea slowly.

Figure 3b,c shows the response surface obtained by plotting kaolin addition versus water addition
and fertilizer-biochar mass ratio. Kaolin addition exerted a negative effect on the cumulative release
rate, with the response decreasing as the kaolin amount increased. This phenomenon occurred because
higher kaolin amounts result in a high density of the fertilizer granules, which led to excellent resistance
and a longer time for nutrients to migrate from inside to the particle surface [33].

3.3. Experimental Validation of the Optimized Conditions

We validated the optimized conditions for the lowest cumulative nitrogen release rate of
biochar-based fertilizer. In particular, the optimized conditions for the slow-release ability of nitrogen
from biochar-based fertilizer were observed at 16.89% water addition under the use of 25% kaolin
when the fertilizer-biochar mass rate was 0.2. The minimum cumulative nitrogen release rate of
the biochar-based fertilizer at this condition was 17.66%. The optimized conditions were validated
repeatedly (n = 3). The results showed a cumulative nitrogen release rate of 17.63 £ 0.004%. A good
agreement between the experimental and calculated values (relative error = 0.178%) showed that
biochar could be used successfully for slowing fertilizer release. Compared with the control (UHP
application only, 68.66% of cumulative nitrogen release rate), application of biochar-based fertilizer
reduced the overall cumulative nitrogen via leaching by 74.32%. Ding et al. [34] reported that
application of bamboo charcoal reduced overall cumulative nitrogen via leaching by 15.2%. Therefore,
the nitrogen slow-release in biochar-based fertilizer increased significantly. This may be ascribed to the
H,0; from UHP.

3.4. Characterization of Biochar-Based Fertilizer

The SEM images of the biochar and biochar-based fertilizers (Figure 4) depict the active porous
structures on the biochar surface. Biochar (Figure 4a,b) exhibited a homogeneous pore distribution
with a relatively clean and smooth pore surface. Comparatively, some wrinkles appeared on the pore
surface of the biochar-based fertilizer sample, shown in Figure 4c,d. In addition, some white particles
were adsorbed on the pore surface of the biochar-based fertilizer. This above phenomenon may indicate
that the UHP fertilizers were strongly attached to the biochar without significantly influencing the
pore structure.

Table 4 indicates that the total carbon contents in biochar and biochar-based fertilizer were 50.10%
and 49.03%, respectively. The C/N ratio of biochar-based fertilizer was significantly lower compared
with that of untreated biochar. This result implies that the N content in UHP was loaded onto the
biochar and helped reduce the risk of effective nitrogen loss from soil, and thus the slow plant growth
was due to the application of biochar only. The O/C ratio of biochar can reflect the stability of
biological carbon in soil. Generally, a O/C ratio lower than 0.2 results in a minimum 1000 years of
biochar half-life [35]. As shown in Table 4, the O/C ratios of biochar and biochar-based fertilizer
were 0.17 and 0.18, respectively, which indicates that the rice-husk-derived biochar demonstrated
good stability.
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Figure 4. Scanning electron microscopy (SEM) micrographs of (a,b) biochar and (c,d) biochar-
based fertilizer.

Table 4. Primary elements of biochar-based fertilizer, including the carbon-nitrogen (C/N) and
oxygen-carbon (O/C) molar ratios.

Sample C (%) H (%) N (%) O (%) C/N o/C
Biochar 50.10 1.71 0.72 11.33 81.18 0.17
Biochar-based fertilizer 49.03 2.18 5.60 11.81 10.21 0.18

Fourier transform infrared (FTIR) spectroscopy is an established tool for detecting functional
groups to further study adsorption behavior [36]. In this study, most of the FTIR spectra were similar
for biochar and biochar-based fertilizer, except for the peak that appeared in biochar-based fertilizer at
1635 cm ™! corresponding to the stretching vibration of C=0 (Figure 5) [37]. In addition, the broad peak
at 2360 cm !, associated with the stretching vibration of C-O in biochar-based fertilizer, was stronger
than that in biochar, implying the increase in C-O in biochar-based fertilizer [38]. The appearance of
these oxygen-containing surface functional groups may be attributed to H,O, from UHP, which can
cause the oxidization of carbonized surfaces, thereby enhancing the biochar’s ability to adsorb heavy
metals [39].
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Figure 5. Stack plot of Fourier transform infrared (FTIR) spectra of biochar, biochar-based fertilizer,

and urea—hydrogen peroxide (UHP).

3.5. Adsorption Kinetic Models for Cadmium

The adsorption kinetics are an important characteristic for defining the efficiency of
adsorption [40]. Figure 6 shows the adsorption capacities of Cd?* versus time at an initial concentration
of 10 mg-L~!. At the initial stage of the adsorption process, the adsorption rate was very high.
Then, the rate exhibited a gradual decrease until adsorption equilibrium was reached. From this
characterization of the adsorption kinetics, the Cd?* were initially rapidly adsorbed onto the exterior
surface of biochar and then diffused into the pores of biochar and adsorbed onto their interior surface.
Compared with the biochar, the time for biochar-based fertilizer to reach equilibrium decreased from
1400 min to 100 min, and the adsorption capacity increased from 4.2477 mg-g~! to 5.9702 mg-g~ 1.
Therefore, the amount of Cd?* adsorbed onto the biochar-based fertilizer sample under equilibrium
was larger than that of the biochar sample, indicating that the biochar-based fertilizer exhibited better

Cd adsorption efficiency.
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Figure 6. Adsorption kinetics of cadmium onto (a) biochar and (b) biochar-based fertilizer over time.
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The adsorption kinetics of Cd on biochar and biochar-based fertilizer were analyzed by two
well-known kinetic models: the pseudo-first-order model and the pseudo-second-order model, which
are shown in Equations (5) and (6), respectively.

Q; = Qe (1 —exp(—kit)) ®)
Qi = Qekat/ (1+Qpkot)) (6)

where t denotes the contact time (min); Q, and Q, denote the amounts of Cd?* (mg-g_l) adsorbed
at equilibrium and a given time, respectively; and k; (min~!) and k; (g-(mg-min)~!), calculated
from the plots in Figure 7, are the rate constant of pseudo-first-order and pseudo-second-order
kinetics, respectively. Accordingly, the R? value revealed that the correlation coefficient of the
pseudo-second-order kinetic model was higher than that of the pseudo-first order kinetic model, which
suggested that the kinetics of Cd?* adsorption on biochar-based fertilizer could be described better by
the pseudo-second-order equation. Figure 7 shows that the Cd sorption capacity of the biochar-based
fertilizer significantly increased (48.98%) compared with that of biochar. When the initial concentration
of Cd?* was 10 mg-L~!, the adsorbing quantity at equilibrium of Cd on biochar-based fertilizer
(Qe = 6.3279 mg-g~!) was higher than that on biochar (Q, = 4.2474 mg-g~!). Bhatnagar et al. [41]
reported that the adsorption of cadmium significantly improved when carbon was oxidized, which
was attributed to the generated carboxylic acid groups contributing to the adsorption of cadmium.
Based on the above analysis and FTIR results, the increase in Cd adsorption capacity in our study may
have been due to the oxygen-containing surface groups (Figure 5) on the biochar-based fertilizer.
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In(q,-q,)
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Figure 7. Kinetic models of Cd** adsorption onto the (a,c) biochar and (b,d) biochar-based fertilizer
over time. (a,b) Pseudo-first-order plot and (c,d) pseudo-second-order plot.

3.6. Adsorption Isotherms

The typical adsorption isotherms of Cd on biochar and biochar-based fertilizer were investigated
at initial concentrations ranging from 1 to 50 mg-Lfl. As shown in Figure 8a, both for biochar
and biochar-based fertilizer, the Cd?* adsorption amounts gradually increased with the increase
in Cd concentration. The amounts adsorbed on biochar-based fertilizer were higher than biochar.
The obtained isotherm data were fitted and described using the Langmuir model and the Freundlich
model, which are shown in Figure 8b,c, respectively. According to the obtained correlation coefficients,
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the Langmuir model (R? = 0.97884 and 0.98146 for biochar and biochar-based fertilizer, respectively)
can be used to fit the adsorption data better than the Freundlich model (R? = 0.86798 and 0.96117 for
biochar and biochar-based fertilizer, respectively). These results indicated that the adsorption of Cd on
biochar and biochar-based fertilizer is mainly based on a monolayer adsorption behavior.
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Figure 8. (a) Adsorption isotherm, the fitting Langmuir model (black), and the Freundlich model (red)
for the Cd adsorption by (b) biochar and (c) biochar-based fertilizer.

3.7. Effects of Biochar-Based Fertilizer on Plant Growth

The improved crop growth was demonstrated using pot experiments. Figure 9a shows that the
growth of Brassica chinensis L. in the pots with biochar-based fertilizer was much stronger and the
foliage was greener than in the control and biochar treatments. The plants in biochar-based fertilizer
possessed broader leaf blades, and the color of the foliage was darker green. Data on biomass, shown
in Figure 9b, revealed that biochar-based fertilizer addition increased above-ground biomass by 83.58%
over the unamended control (CK) and 87.79% over the biochar treatment. This finding indicated
that the resulting biochar-based fertilizer has potential for improving fertilizer efficiency. Biochar has
been shown to improve crop productivity in some but not all circumstances. In this study, biochar
amendment had no significant improvement on cabbage growth. However, the below-ground biomass
in the biochar-only treatment was 1.5-1.6 times higher than that in other treatments. A positive effect
of biochar on root growth was also observed in pot experiments [42]. The root stimulation effect
observed in these studies has frequently been ascribed to the changes in the soil physicochemical
properties, such as pH and bulk density, that biochar could have induced. Ventura et al. [43] postulated
a stimulating effect of biochar-derived organic compounds on plant root growth. Further studies
concerning the mechanisms of biochar-UHP biochar-based fertilizer on plant growth and field-scale
experiments should be conducted.
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(b) Above ground biomass

Below ground biomass
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CK Biochar-based fertilizer ~ Biochar

Figure 9. Photograph (a) and Biomass (b) of cabbage (Brassica chinensis L.) under different treatments.
CK, unamended control.

4. Conclusions

In summary, in this work we prepared a novel biochar-based fertilizer (blended with fertilizer
UHP followed by pelletization) that can simultaneously slowly release nitrogen and immobilize
Cd. The optimized formulation for biochar-based fertilizer was obtained using RSM. The minimum
cumulative release rate of granular biochar-based fertilizer was 17.63%, which was obtained through a
leaching experiment in an inert quartz sand system. The observed response was close to the predicted
value for the optimized formulation (17.66%). Morphology and component characterization showed
that UHP attached onto the porous surface of the biochar, leading to a novel biochar-based fertilizer.
The Cd adsorption onto biochar-based fertilizer reached equilibrium, with an equilibrium adsorbing
quantity of 6.3279 mg-g~! following the pseudo-second-order model with the initial concentration of
Cd (10 mg-L~1). The adsorption capacity of biochar-based fertilizer toward Cd increased significantly
by 48.98% compared to that of biochar. The results from adsorption isotherms indicated that the
adsorption of Cd on biochar and biochar-based fertilizer is mainly based on a monolayer adsorption
behavior. The pot experiments showed that the resulting granular biochar-based fertilizer is beneficial
for the growth of cabbage. We think that the results in our work are of significance for the design and
development of a novel biochar-based fertilizer with high crop yield and low environmental risk.
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