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Abstract: Combining biochar with chemical fertilizers or compost not only improves the shortcom-
ings of biochar’s lack of fertility, but also extends the benefits of the compost. The application of
biochar composite materials will be a future agricultural management strategy. In this study bagasse
compost was mixed with wood biochar (w/w) at rates of 0% (B), 25% (BC), 50% (BC3), and 100% (no
biochar, C) to produce four types of particle biochar compound materials (pBCM). These materials
were applied to two types of soil (sandy soil and clayey soil) for a 180-day incubation to determine
the decomposition rate and the nutrient release efficiency of the pPBCMs. The results showed that C
treatment had the highest decomposition rate in both types of soil. Overall, the materials decomposed
faster in the sandy soil than in the clayey soil. Plants were grown over two 30-day crop periods. The
plant yields of treatments C and BC3 were the highest in the first period and respectively decreased
and increased in the second period. The experiment results revealed that in the biochar-compost
compounds, compost increased the use efficiency of nitrogen and phosphorus in the soil, and biochar
increased the nutrient use efficiency in the second period. These compound materials had greater
capacity for long-term supply of nutrients in soil than did single-component ones.

Keywords: biochar; compost; nutrient releasing; sustainable environment

1. Introduction

Land degradation has been recognized as a serious global problem. The Intergov-
ernmental Panel on Climate Change (IPCC) [1] reported that interactions between land
degradation and climate change form a vicious cycle. The overuse of chemical fertilizer has
resulted in hardened soil, decreased fertility, low soil quality, increased used of pesticides
and herbicides, polluted air and water, and also produces greenhouse gasses. It also con-
tains salt as well as other acidic materials, which are some of the most critical characteristics
of chemical fertilizer and are expected to damage the soil in the long run. The excessive
use of chemical fertilizers results in the degradation of land quality, soil acidification, and
poor soil aggregate structures, thereby reducing crop productivity [2]. Numerous studies
have reported that organic fertilizers can effectively improve land quality, soil structure,
and tilth, and increase organic matter [3,4], microbial activity, and diversity in the soil [5-8].
Long-term use of organic fertilizers can mitigate soil deterioration. However, because of
the rapid decomposition of organic fertilizers, farmers must regularly reapply organic
fertilizers, which may incur additional costs and economic burdens.

In the past decade, biochar has been widely proposed as a material for soil improve-
ment [5,7,8]. Biochar, a solid material containing abundant carbon, is created through
pyrolysis of biomass in a low-oxygen environment [9]. Adding biochar to soil improves the
physical properties of the soil, including increased soil aggregation, enhanced soil water
retention, and increased soil corrosion resistance, and helps retain soil nutrients [5,7,8,10].
Jindo et al. (2020) [11] demonstrated that some biochars contains abundant potassium
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(K). Therefore, adding biochar to soil can satisfy crop K requirements and increase crop
yield [5]. Moreover, biochar retains soil organic matter due to its porous structure and can
effectively reduce greenhouse gas emissions (e.g., CO, and N,O) [6].

Adding biochar to compost or chemical fertilizers can substantially increase soil
fertility, enhance soil physical properties, sustain soil quality, and improve crop productiv-
ity [5,9,12-15]. Additionally, mixing biochar in fertilizers prevents the rapid decomposition
of fertilizers or compost, enabling the fertilizer or compost to serve as a long-term supply
of nutrients for crops [16-19]. Li et al. (2014) [20] proposed that when biochar is added to
organic or chemical fertilizers, the functional groups on the biochar surface can bind with
ammonium and nitrate ions. This phenomenon increases the nitrogen (IN) use efficiency
(NUE) of the crops, which in turn increases crop yield.

At present, most studies have only mixed biochar and fertilizers into the soil. Few
studies have researched the effectiveness of granular compound materials or explored the
decomposition rate and nutrient releasing mechanisms of biochar fertilizers. Therefore,
soil improvements using biochar amendment alone can have inconsistent effects on crop
yields and may even lead to N deficiency in soil in the short term [6,7]. Therefore, joint
application of compost and biochar in agricultural soil can prevent biochar from absorbing
soil nutrients during the initial application stage, avoiding soil N deficiency, providing
crops with a long-term supply of nutrients, and maintaining soil fertility. Use of biochars
for organic/inorganic compound fertilizer can be an option to achieve high productivity
and low carbon intensity along with reducing nitrogen fertilizer use in Chinese rice agri-
culture [20]. Enhanced plant growth in the biochar + compost treated soil has largely been
attributed to improved nutrient availability and uptake compared to biochar alone [21-23].
Furthermore, slow-release fertilizers created by mixing biochar and compost particles can
enhance the effectiveness of organic fertilizers. However, studies have yet to determine
optimal proportions for mixing biochar and compost [20].

Based on the concept of circular agriculture and sustainable environment, reuse/recycle
of agricultural wastes to be a useful fertilizers to replace of chemical fertilizers might be
a feasible agricultural management practice in the future. This study supposes that ap-
plication of the biochar—compost composites could not only improve the soil quality but
also facilitate the fertilizer use efficiency for crops. This study mixes wood biochar made
using reused agriculture wastes into different proportions of bagasse compost to create
innovative organic fertilizers through granulation. The biochar compound materials were
subsequently applied to two common types of agricultural soil (sandy soil and clay soil) in
Taiwan to evaluate the nutrient releasing efficiency in our study.

2. Materials and Methods
2.1. Biochar Source and Preparation

Waste woods including Taiwan Acadia (Acacia confuse Merr.), Casuarina (Casuarina
equisetifolia Forst.), and Leucaena (Leucaena glauca (L.) Benth.), were used to make biochar
in this study. These three kinds of wood are the most abundant ones in the coastal areas
in Taiwan, and produce a lot of waste wood every year. Wood biochar was prepared by
subjecting the waste wood materials to pyrolysis by using an open furnace (Fire Box 5-119,
Airburners Inc., Palm City, FL, USA). The carbonization temperature was over 700 °C. After
production, the biochar was ground to a fine powder, then filtered (2 mm) for subsequent
analysis and the production of particle biochar compound materials (pBCMs). The pBCMs
were produced by mixing the biochar and compost in a granulator (Young & Dear, YD300,
Taiwan), forming composite granules (about 1 cm in length and 0.8 cm in diameter).

2.2. Soil Collection for the Experiment

Sandy soil and clay soil were collected from fallow agricultural lands in southern
Taiwan. The soil collected was mainly surface soil (0-15 cm) which was thern placed in
plastic bags. The collected sandy soil was classified as Udorthent [24], the parent material
of which is freshly accumulated calcareous clay slate. The collected clay soil was classified
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as Paleudult. The collected soil was air dried, ground, and filtered using a 10-mesh filter
(2 mm) and stored in plastic jars for subsequent property analysis and use in the incubation
experiment. The analytical results are presented in Table 1.

Table 1. Basic properties of the experiment soil.

Items Loamy Sand Clay Loam
Sand (%) 80 32
Silt (%) 14 35
Clay (%) 6.0 33
pH 6.9 +0.1 53+0.1
Organic carbon (%) 0.99 +1.39 0.82 +£0.12
Total N (mg/kg) 642 £ 235 1004 + 277
Total P (mg/kg) 424 +101 212 £ 80
NH,;*-N(mg/kg) 106 £+ 16 22421
NO3;™-N (mg/kg) 181 £ 92 67 £4.3
Av. P (mg/kg) 13£5.1 14£16
Exc. K (mg/kg) 59 £3.2 105 + 6.9
CaCO3 (%) 3.0+03 ND
Fed (%) 1.18 £0.27 5.12 & 0.66
Ald (%) 0.09 & 0.02 0.62 +0.17

ND: not determined. Av. P: available phosphorous; Exc. K: exchangeable potassium; Fed: free iron oxides; Ald:
free aluminum oxides.

The pH values of the soil samples and the biochars were determined in a mixture
with deionized water (1:2.5 w/v for soils; 1:20 w/v for biochars), using a Horiba F-74 BW
meter [25]. Soil particle size distribution was determined with the pipette method [26]. The
exchangeable K was extracted with 1 mol L~! NH4OAc (1:10 w/o for the soils; 1:20 w/v
for the biochars) [27] and was determined by the atomic absorption spectrometry method
(Z-2300, Hitachi, Japan). Organic carbon content was determined by the wet oxidation
method [28]. Available phosphorous was determined by the Bray P-1 extract test [28].
Inorganic N was extracted with 2 M KClI (1:10 w/v), and the concentrations of NH;*-N
and NO3;~-N were determined by steam distillation, using MgO and Devarda’s alloy [29].
Total C was determined by dry combustion method and total N was measured using the
Kjeldahl procedure [30].

2.3. Calcium Carbonate Analysis

Calcium carbonate (CaCOs) analysis was performed using the method proposed by
Leoppert et al. (1984) [31]. First, 5 g of studied soils, biochar, compost, and compound
materials were weighed and filtered with a 10-mesh filter (2 mm). The soil was subsequently
placed in a beaker, 50 mL of 1 N HCI solution was added, and continuously shaken to react
for 1 hr. The solution was then filtered, and phenolphthalein indicator was added. Finally,
the solution was subjected to titration using standardized 0.1 N NaOH titration until the
titration end point was reached.

2.4. Compost Source

This study employed bagasse compost produced by Taiwan Sugar Corporation. The
compost properties are listed as follows: total N (1.5%), organic matter (55%), total phos-
phoric oxide (0.9%), and total K oxide (1.5%); the pH was 7.4.

2.5. Biochar Compound Material Preparation

Four granular materials were prepared: (1) BC3, composed of biochar and compost at
a 1:3 ratio (w/w; moisture 15%); (2) BC, composed of biochar and compost at a 1:1 ratio
(w/w; moisture 20%); (3) B, biochar-only (moisture 25%); and (4) C, compost-only (moisture
10%). Granulation equipment was used (Young & Dear 300, Taiwan). In the granulation
process, deionized water was added as a binder. The properties of the granular material
are listed in Table 2.
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Table 2. Properties of the particle amendments in this study.

Properties B C BC BC3
pH 10.0 £ 0.1 6.9 £0.1 83+£0.1 70+£0.1
Organic carbon (%) 225409 289+ 6.6 248+1.3 285422
Total carbon (%) 80+ 0.1 41+£01 51+0.1 64+ 0.1
Total N (mg/kg) 1537 £232 12,041 4 288 6661 & 86 9412 4 432
Total P (mg/kg) 940 + 41 2125 £ 204 1113 £+ 30 1738 + 57
NH;*-N(mg/kg) 58 £12 211+ 7.1 132+ 8.3 194 £9.2
NO3™-N (mg/kg) 94 £19 212+55 113 +7.2 185 £9.1
Av. P (mg/kg) 42+6.0 142 +£41 85+ 8.0 92+ 14
Ex. K (mg/kg) 2008 + 101 892 + 76 1538 + 14 1025 4 100
CaCOg3 (%) 14.4 +1.02 5.60 £ 0.37 947 £1.16 7.84 +0.22

B: biochar only; C: compost-only; BC: composed of biochar and compost by 1:1 (w/w); BC3: composed of biochar
and compost by 1:3 (w/w); Av. P: available phosphorous; Exc. K: exchangeable potassium. Organic carbon was
determined by wet oxidation method (Nelson and Sommers, 1982) [27].

2.6. Indoor Incubation Experiment for Evaluating Nutrient Releasing and Decomposition of
pBCMs

A 6-inch (15 cm) plastic incubation pot was used for the pot experiment. The inner
diameter and depth of the plot were 16 and 17 cm, respectively. Each pot was filled with
2 kg of soil. In the incubation experiment, the amount of pBCMs applied was based on
the recommended amount of N fertilizer for Chinese cabbages (Brassica rapa chinensis)
(300 kg ha~!) in Taiwan. The materials were packaged using tea bags and placed in the
soil at a depth of approximately 15 cm. Soil moisture samplers (Rhizon SMS, Eijkelkamp,
Netherlands) were buried in the incubation pots to extract soil solution on days 1, 3, 7, 30,
60, 120, and 180 to measure inorganic N, available P, and exchangeable K for evaluating
nutrient release. The pots were weighed daily and supplemented with water at the field
capacity of the soil. On the soil solution extraction days, the pBCMs inside the tea bags
were dried in an oven at 50 °C for 4 h and then weighed to calculate the decomposition
rate. Each process was performed in three replicates.

2.7. The Pot Experiment for Crop Production

The cabbage species selected for the pot experiment was the Chinese white cabbage
(Brassica chinensis Linn.). The amount of pPBCM applied was based on the recommended
standard amount of N fertilizer for Chinese cabbages, which was 25 g (w/w) of C,195 g
of B, 45 g of BC, and 32 g of BC3, respectively, incorporated in the soil (2 kg) in the pots.
The crops were cultivated for two consecutive crop periods (each crop period was 28 days);
no additional fertilizer was provided between the two periods. The pBCMs were evenly
spread and mixed with 5 cm of the surface soil. The Chinese cabbages were harvested
monthly. Each pot was used to cultivate three Chinese cabbages, and samples were placed
according to the randomized complete block design. After harvesting, the cabbage leaves
were dried, weighed, and the crop yield was calculated.

2.8. Calculation and Statistical Analysis of the Nutrient Utility Rate

Nutrient utility rate represents the total biomass or economic yield generated per
unit of nutrients absorbed by the plant. Moll et al. (1982) [32] proposed using NUE to
calculate plant nutrient utility rate. For NUE, the equation is as follows: NUE (%) = yield
of plant/N measured in each pot. The total N contents were determined for the amended
soils before crop planting and after the 15 crop harvest for NUE calculation. NUE, also
known as fertilizer absorption rate or fertilizer recovery efficiency, refers to the percentage
of N in the fertilizer absorbed by the plant. Phosphorus (P) use efficiency (PUE) refers
to the phosphorus concentration which was multiplied by grain yield and aboveground
biomass yield to calculate the P absorbed by the grain and aboveground biomass [33].
The equation is as follows: PUE (kg/kg) = yield of plant/amount of P absorbed from the
soil [32]. Randomized complete block design was used, and GLM procedures in the SAS
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software were used to perform two-way analysis of variance. The mean values of each
treatment group were compared using Duncan’s new multiple range test. The significance
level was set at p < 0.05.

3. Results and Discussion
3.1. Decomposition Rate of pBCMs in Soil

The decomposition results of the pPBCMs after 180 days of incubation are presented in
Figure 1. In the sandy soil, treatment C had the highest decomposition rate (48%), followed
by treatments BC (41%) and BC3 (35%). Treatment B had the lowest decomposition rate
(25%). The decomposition trends for the clay soil were similar to those in the sandy soil;
the decomposition rate was the highest in treatment C (45%) and lowest in treatment
B (19%). We inferred that treatment B had the lowest decomposition rate because the
biochar-only treatment contained less labile organic carbon (determined by wet oxidative
method)—which can be used by micro-organisms—relative to the other treatments [34,35].
The decomposition rate results indicated that in the compound materials, adding biochar
effectively reduced the decomposition rate, enabled the slow-release of nutrients, and
extended the manuring effect of the compound material [16]. Figure 1 revealed that the
materials had a lower decomposition rate in the sandy soil than in the clay soil. We inferred
that this effect was because sandy soil has more macropores (>50 um) than does clay soil;
thus, sandy soil has greater aeration and a higher decomposition rate.
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Figure 1. Dynamic changes in the material decomposition rate (A) sandy soil (B) clay soil.

3.2. Effect of pBCMs on Inorganic N in Soil

Soil inorganic N includes ammonium N (NH;*-N) and nitrate N (NO3 ™ -N), both of
which are directly available to crops. Figure 2 revealed that the NH;"-N content in soil
solutions were relatively low in the sandy soil and significantly reduced to lower than
10 mg L~ in the clayed soil. Additionally, the NO;~-N content significantly increased with
incubation time (Figure 2). This result is caused by the nitrification effect in the soil, which
significantly reduced the pH values of the two types of soil as presented in Table 3 [36].
After incubation, the soil solutions produced using treatments C and BC3 contained the
highest NO3~-N contents for both types of soil (not statistically significant (p < 0.05) in the
clayey soil), with 125-145 mg/L in the sandy soil and 108-118 mg L~! in the clay soil. The
soil N release for each compound material is presented in Figure 2. After incubation, the
soil solution of treatments BC and BC3 in the clay soil had the highest NH;*-N contents
(6-8 mg L~1), whereas those of other treatments were significantly lower (p < 0.05). The
pBCMs thus had a buffering effect on the nitrification effect of NH4*-N in clay soil [37].
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Figure 2. Dynamic changes in contents of NH;*-N and NO3; ™ -N in soil solution during the experiment period (A’,A”)

sandy soil (B’,B”) clay soil.

Table 3. Soil pH comparison before and after incubation.

Loamy Sand Clay Loam
Treatments
1 Day 180 Day 1 Day 180 Day
CK 76+0.1bB 6.6 £0.1aA 43+0.1aA 41+0.1aA
C 73£0.1aA 6.8 £ 0.1 aAB 474+0.1aB 424 0.1aA
B 7.7 £0.1bB 73 £0.1aB 50+ 0.1aB 4.6 £ 0.2 abA
BC 73+£0.1aA 6.9 £ 0.1 aAB 49+0.1aB 4.6 +£ 0.1 abA
BC3 73£0.1aA 7.0£0.1aB 48+02aB 4.5+ 0.1 abA

Lowercase letters represent comparisons between the same treatment at different days (p < 0.05); Uppercase
letters represent comparisons between different treatments on the same day (p < 0.05).

3.3. Effect of pBCMs on Available P in Soil

P is a critical element for plant growth. Plants typically experience P deficiencies due
to low P use efficiency (<15%) in soil, particularly in calcareous soil or highly-weathered soil
containing abundant iron (Fe) and aluminum (Al). The specific adsorption of calcium (Ca),
Fe, and Al on P reduces P availability for plants [38], contributing to low P use efficiency.
Agricultural soil in southern Taiwan is primarily calcareous soil (clay slate alluvial soils) or
soil containing abundant Fe and Al (highly-weathered red soils). Clay slate alluvial soil
with calcareous properties accounts for over 50% of the agriculture soil in southern Taiwan.
Utisoils, which are rich Fe and Al, account for approximately 10% of Taiwan’s agriculture
soil. Therefore, the application and management of P fertilizer in these two types of soils is
critical for plant growth.

An analysis of the soil solution for each treated soil (Table 4) revealed that P contents
were only detected in the soil solutions of sandy soil groups; P contents in clay soil solutions
were not detected. This is primarily because the clay soil used was highly-weathered
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tropical soil, which contained abundant Fe and Al oxides (Table 1). The soil colloids are
mostly positively charged, and the specific adsorption of Fe oxides on P resulted in the
fixation of P on the surface of the Fe and Al oxides [39]. Gérard (2016) [40] reported that P
attachment to clay soil is due to the large specific surface area of clay particles. Additionally,
abundant Fe and Al oxides in the soil increase P attachment to clay soil, thereby further
reducing P availability [41]. Morales et al. (2013) [42] reported that after adding biochar to
degraded tropical soil, the soluble P released by the biochar was first absorbed by Fe and
Al oxides in the soil.

Table 4. Dynamic changes in available P content in the experimental soil solutions.

Loamy Sand
Available P L
Treatments vailable P (mg/L)
1 3 7 14 28 56 120 180

CK 18 +£0.6d 13+20a 12+13a 9+20a 7+t14a 15+11a 16 +40a 18+4.0ab
B 19+2.0d 18+ 09c¢ 20£11c 15+3.0Db 11+23b 16£20ab 15+60a 14+56a
C 62+06a 15+1.0b 15+20b 15+1.0b 14+18c 19+06d 22+£70ab 34+£9.0d
BC 95+10b 14+07ab 14£09ab 16+4.0b 19+18d 17+20cd 19+10ab 21£18Db
BC3 14+20c 17+20c 14+07ab 17+£4.0D 20£21d 17£10bc 224+20Db 27 £39c¢

Lowercase letters represent a comparison between different treatments at the same day (p < 0.05). The available P could not be determined
in soil solution in clay loam soil during incubation period, and we therefore did not list the results.

Available P contents in soil (mg/kg)

W
(=}

5
(=}

W
(=}

(3=
(=}
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Table 4 revealed that in the incubated sandy soil, the P contents in the soil solutions of
treatments C, BC, and BC3 significantly increased. This result suggested that the compost
in the compound materials directly supplied or supplemented P in the soil solution. By
comparison, after 180 days of incubation, sandy soil treated with pPBCMs had a greater
available P content (Figure 3). We inferred that this result was because the biochar prefer-
entially binds to Ca in the soil, leaving less Ca for P to attached to, and thus increasing the
available P content in the soil [43,44]. The results revealed that in the sandy soil, except
for the control groups, every treatment required at least 120 days of incubation before
attaining an available P content greater than 15 mg kg~! (medium level of available P
content) [45]. However, the soil solution of treatments C, BC, and BC3 had P contents
greater than 15 mg L~! by day 28.

50
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H é % 20 + g i
. [)
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B714 28 56 120 180 B714 28 56 120 180

Incubation days

Figure 3. Dynamic changes to the available P content during the experiment period (A) sandy soil (B) clay soil.

In clay soil, P was absorbed at the soil particle surface. A medium level of available
P content (15 mg kg~!) was achieved by treatments C, BC, and BC3 after 30 days of
incubation [45]. These results indicated that the use of pPBCMs increased the available P
content in both types of soil. However, due to the specific adsorption of P by the metal
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oxide and hydroxide minerals in the clay soil [46], the soil may contain insufficient P during
the initial treatment stage. Therefore, we recommend applying additional P compost in the
initial stage of compound material treatment. Chintala et al. (2013) [47] and Morales et al.
(2013) [42] reported that adding biochar to highly-weathered soil significantly decreased
the P absorption by the soil, thereby increasing P availability.

3.4. Effect of pBCMs on Exchangeable K Content

The results revealed that applying pBCMs significantly increased the amount of
exchangeable K in soil [48,49]. Figure 4 indicated that the exchangeable K content of
soil treated with compound materials significantly increased. However, the amount of
exchangeable K released from the compound materials differed significantly between the
sandy soil and the clay soil. The experiment results revealed that treatment B contributed
to the greatest increase in exchangeable K content—330% higher than the control group
at the initial treatment stage. This result is consistent with that of Oram et al. (2014) [50],
which identified biochar as a major source of exchangeable K.

140 140
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d O C E O c
& o0 |Y B 0F v B
é /A BC A BC
% go [ W BC3 v 8| MW BC3
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< | L
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Figure 4. Dynamic changes in the exchangeable K content during the experiment (A) sandy soil (B) clay soil.

3.5. Effect of pBCMs on Crop Yield

In the pot experiment, Chinese white cabbages were planted for two consecutive crop
periods. Each period lasted 30 days; no additional compound materials or compost were
provided to the crops between the periods. The experiment aimed to evaluate the effects of
pBCMs on the yield of Chinese white cabbages. The results revealed that for both types
of soil, the crop yield outcomes of the first period was best for treatment C, followed by
treatments BC3, BC, and B. The yield outcome of treatment CK was the least favorable. In
the second period, treatment BC3 had the best yield outcome. Relative to the yield results
in the first period, treatment BC3 had a 14-16% increase in yield in the sandy soil and an 8%
increase in the clay soil. The yield of all treatment groups other than BC3 and BC decreased
significantly in the second period. In particular, the yield of treatment C decreased by
30-64% (Figure 5).

Application of only biochar did not effectively increase crop yield; the crop yield of
treatment B significantly decreased in the second period. However, groups treated with
both compost and biochar (i.e., treatments BC and BC3) had significant yield increases
in the second period. These results indicated that biochar-compost composites increase
long-term crop yield, whereas compost alone is more effective in the short term [51].
Additionally, Figure 5 reveals that crop yield was lower in clay soil compared with sandy
soil, implying a difference in the nutrients supplied by the compound materials in the two
soils. The decomposition rate and nutrient release efficiency of the pBCMs were lower in
the clay soil than in the sandy soil. Clay soil contains higher contents of clay particles and
Fe and Al oxides. These clay particles contain silicate clay minerals that bind with K ions.



Processes 2021, 9, 1521

9of 12

Additionally, the specific adsorption of P by Fe and Al oxides reduced the available P in
the soil, thereby preventing crops from obtaining nutrients.

5000 5000
A B
(A) —_—— éstdcrop (B) B |5t crop
—3 2nd crop c —3 2nd crop
4000 - b 4000 -
= E BC o =
£ P E
) )
£ 3000 s A 2 < 3000 1
) N a b & b
5] a 4 B %
2000 | Z 2000 1 <
v g A A Aa
& A £ LA N S
o ﬂ o Iaﬂ ﬁ iﬁ iﬂ
oK c B C C B BC BC3

T

BC BC3 K

Treatments Treatments

Figure 5. Effect of biochar compound materials on crop yield during the experiment (A) sandy soil (B) clay soil. Lowercase

letters represent comparisons between the same treatment during different crop periods (p < 0.05); Uppercase letters

represent comparisons between different treatments during the same crop period (p < 0.05).

3.6. Effect of pBCMs on Nutrient Use Efficiency

Table 5 reveals that the nutrient use efficiency of crops was greater in sandy soil than
in clay soil. In sandy soil (with the exception of treatment B in the second crop period),
the NUE for all treatment groups was higher than 10%. Compared with the control and
single-material treatment (i.e., B and C), the NUE of crops that received pBCM treatment
(i.e., BC and BC3) significantly increased by 1.5-3.1% in the second crop period. The NUE of
crops in the clay soil all did not exceed 10%. In the first crop period, the NUEs of treatments
C and BC3 were significantly higher than those of the other treatments. However, only
crops that received treatment BC3 had an NUE increase in the second crop period; the
others all had significant decreases. Zheng et al. (2017) [16] compared the effects of biochar,
N fertilizer, and biochar-N fertilizer compound materials by performing a corn cultivation
experiment. The results revealed that compared with biochar-only or N fertilizer-only
cultivation methods, the combination of biochar and N fertilizer increased the yield of
corn by at least 12%. Additionally, the use of biochar-N fertilizer compound materials
significantly increased the NUE of the crops (43.1%).

Table 5. NUE of the crops (%).

Treatments Loamy Sand Clay Loam
1st 2nd st 2nd
CK 113+ 0.6aA 11.0+0.6aB CK 6.1+02aA 49+0.1DbA
C 175+12aC 125+08aB C 99+07aC 39+17bA
B 120+ 14bA 59+03aA B 58+ 06aA 46+07aA
BC 144+1.0aB 159+1.2aC BC 58+ 04aA 53+£05aA
BC3 164 +0.7aC 195+ 1.8bD BC3 8.0=£0.2aB 9.1+ 0.2bB

Lowercase letters represent comparisons between the same treatment at different crop periods (p < 0.05); Uppercase
letters represent comparisons between different treatments in the same crop period (p < 0.05).

Table 6 presents the PUE of the Chinese cabbages. The results indicate that the
Chinese cabbages had higher PUE in sandy soil than in clay soil. In the sandy soil, PUE
was significantly higher (>10 kg kg ') during the first crop period in crops treated with a
higher compost content (C and BC3). In the second crop period, the PUE of crops treated
with biochar (B, BC, BC3) was significantly greater. In particular, the PUE of BC3 crops
was 29 kg kg 1. According to the results, crops had higher PUE in sandy soil due to two
mechanisms: (1) biochar improved the physical properties of the soil and increased crop
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absorption of P in the soil; or (2) the addition of biochar increased the P availability in soil.
Because the amendments used were particle-sized (about 1 cm in length and 0.8 cm in
diameter) and mixed with the top 5 cm of the soil during the pot experiment, biochar is
unlikely to have caused significant changes in the physical properties of the soil. Therefore,
the second mechanism is probably the primary cause of the increased PUE in the sandy
soil [33].

Table 6. PUE of the crops (kg kg™').

Treatments Loamy Sand Clay Loam
1st 2nd 1st 2nd
CK 50+13bB  59+29DbA CK 49+ 1.1aA 2.7 £12DbA
C 11+28bC 83+ 3.1bAB C 41+ 0.8aAB 1.9 £ 09bA
B 3.6+ 04aAB 9.6 £7.0bAB B 25+ 1.1aB 2.6 £05aA
BC 63+17aBC 12+4.4DbB BC 34+10aB 4.8 +1.4abAB
BC3 11+ 1.6aD 29 £ 11bC BC3 41+ 33aAB 5.0 £0.8bB

Lowercase letters represent comparisons between the same treatment at different crop periods (p < 0.05); Uppercase
letters represent comparisons between different treatments in the same crop period (p < 0.05).

Compared with the sandy soil, PUE in the clay soil was lower (<5 kg kg~ !), primarily
due to the specific adsorption of P by Fe and Al oxides in the clay soil, preventing plants
from using P [38] and hindering crop yield. Table 6 indicates that the PUE of the control
and the C treatment during the second crop period was significantly lower than that during
the first period (<3 kg kg~!). However, the PUE of treatments containing biochar (B, BC,
and BC3) did not decrease significantly in the second crop period, but instead remained at
levels similar to those during the first crop period.

4. Conclusions

Biochar could significantly improve soil’s physical properties as well as chemical
properties such as soil acidity and cation exchange capacity. However, biochar does not
directly provide as much nutrient as compost on its own; therefore, it must be compounded
with other materials to increase its utility as a fertilizer. The study results revealed that the
pBCMs decomposed more slowly in soil than did pure compost. Based on our results, the
evidence supports the conclusion that biochar increased available P in soils; however, more
research is needed to confirm the mechanism by which this occurred.
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