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Abstract
The properties of biochar produced by pyrolysis are strongly influenced by various factors such as feedstock. Cabbage makes up
around 6.5% of global vegetable production with around 30%wasted from the farm to plate, making it a considerable and widely
available biochar feedstock. This study investigates the optimization of three design factors, namely, pyrolysis temperature, feed
particle size, and quantity of waste cabbage biomass to produce biochar. Feed particle size was selected due to its relevance to
solar or other drying pretreatment, necessary for moisture reduction. To evaluate the influence of these parameters and find their
optimum conditions, response surface methodology (RSM) with a central composite design of experiments was used. Optimum
response for cabbage biochar was observed at lower temperature (360 °C) with particle size of 0.90 mm and a relatively low
quantity, though this latter parameter had minimal influence on most response parameters. Temperature was the most influential
parameter on all response variables, although particle size was important for nitrogen content, cation exchange capacity (CEC),
and electrical conductivity. Biochar produced at an optimum pyrolysis temperature of 360 °C and nearest practical size of 1 mm
was tested with Ipomoea purpurea in sandy soil. Two percent biochar loading provided an increase in water retention from 6.5%
in the control to 10% in the biochar amended soil (p = 0.016). Increases were also observed in plant height and leaf production but
were not statistically significant at α = 0.05.
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1 Introduction

Biochar is a carbon rich soil amendment material that has been
gaining increased attention and use due to its potential appli-
cations to mitigate soil degradation, food insecurity, water
pollution from agrichemical sources, and global climate
change [1]. Biochar is not only a soil amendment agent but
also can act as an adsorbent to remove organic and inorganic

pollutants [2]. Various types of biomass such as wood mate-
rials, agricultural residues, dairy manure, sewage, and sludge
have been used to produce biochars under different thermal
processes and conditions. Agricultural products such as fruits
and vegetables have a crucial role in human life, and the de-
mand or food commodities has increased significantly due to
growing world population [3]. Through natural processing
losses and often poor handling methods, large quantities of
vegetable wastes can arise. From a survey, it was estimated
that the total value of fruit and vegetable wastes generated at
the retail and consumer levels in the USA was $42.8 billion in
2008 [4]. FAO in [5] revealed that during processing, pack-
aging, distribution, and consumption of fruits and vegetables
in the developed parts of China, India, the Philippines, and the
USA, approximately 55 million metric tons (MMT) of wastes
are produced per day. Laufenberg in [6] estimated a minimum
of 70.2 MMT of vegetable wastes were generated from pro-
cessing of 865.8 MMT of vegetables. Cabbage and other
brassicas are one significant vegetable produced globally,
with worldwide production estimated at 71.4 MMT in 2017,
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making up around 6.5% of total vegetable production [7]. On
an average, 30 to 50% of cabbage waste is generated during its
cutting in farms, transportation, selling in markets, and further
processing in kitchens before cooking [8]. Cabbage and cau-
liflower wastes decompose readily and thus these create
greenhouse gas emissions, unpleasant odors, and flies in the
open environment. One approach to obtain value from cab-
bage waste is to recycle the cabbage biomass in the form of
low-cost soil amendment biochars to improve soil fertility and
plant growth.

Various authors have reported that the biochar yield is usually
high when produced from the feedstock materials rich in lignin/
cellulose content [9]. Cabbage is relatively cellulose rich, with
the stalks containing around 37 % cellulose on dry weight basis
[10]. Typically this is seen as a disadvantage compared to lignin
rich agricultural residues, since cellulose has a lower yield than
lignin rich feedstocks [9]. However, cellulose also leads to rea-
sonable yield, and higher volatile (biofuel gas) production, which
can be simultaneously produced. Moreover, pyrolyzed cellulose
has lower hydrogen to carbon ratio (H/C) ratio, indicative of high
stability [11]. Cellulose is likely to have greater cation exchange
capacity than lignin due to its higherO/C ratio [11]. Cabbage also
has a relatively high trace mineral content, particularly with re-
spect to Mn. In our recent work exploring biochar characteristics
from a number of vegetable wastes, cabbage showed promising
characteristics under limited test parameters against other vege-
table wastes [12], warranting further study. Various other prod-
ucts can also be produced from cabbage, such as bioadsorbents,
nanofibrillated cellulose, dietary fibers, proteins, and other bio-
active compounds, as cabbage stalks can have a protein content
of 12–20 g per100 g of dried cabbage stalk [4, 9, 11, 13–15].
However, the suitable valorization route will depend on local
infrastructure, industry, and demand. Biochar is a simple product
that is readily produced, easily transported, and with wide
applicability.

The conditions for pyrolysis, such as temperature, particle
size of biomass, shape, holding time, and heating rate, have a
significant influence on the structural and physicochemical
properties of biochar [16, 17]. Temperature is the most influ-
ential parameter, as it drives the degree of carbonization and
elemental changes. Other factors are important in defining
kinetics and heat transfer within the biomass. Typically, hold-
ing time and heating rate are studied and their effects are
reasonably well known [18]. On the other hand, particle size
and biomass quantity, which affect surface area and both heat
and mass transfer, are relatively under-studied. Particle size
has been demonstrated to impact yield [16] as well as various
biochar properties such as elemental composition, specific
pore volume, surface area, electrical conductivity, and surface
functional groups [19], while we were unable to find any
studies relating to the effect of biomass quantity. It is quite
possible that the larger particle size and quantity of biomass
may hamper heat transfer during pyrolysis, particularly in

fixed bed systems, and ultimately this may result in a reduced
carbon content of char [17]. Keeping these aspects in view, a
preliminary investigation is required at laboratory scale to find
out the most suitable pyrolysis temperature, particle size, and
quantity of biomass to produce best char suitable for soil
amendment. Particle size is also a critical parameter to im-
prove drying of the raw feedstock which can be done by solar
drying or low-grade heat from the flue gas, given cabbages
high moisture content. Wet biomass is difficult to macerate to
very small sizes, although it is expected that smaller sizes will
improve drying and biochar properties. Hence, selecting a
single size that is both suitable for a drying pretreatment and
to produce a biochar of desirable characteristics is important
for economic considerations.

Various physicochemical properties of biochar like ash
content, pH, electrical conductivity (ECE), zeta (ζ)-potential,
carbon (C), nitrogen (N), and cation exchange capacity (CEC)
are major influencing properties that can influence the perfor-
mance and suitability for various plants and soils. These prop-
erties of biochar when mixed with soil affect soil fertility, soil
microbial community and associated nutrient turnover, plant
germination, and plant growth [1]. Currently, only a handful
of studies report production of biochar from cabbage and only
present limited characterization [20, 21]. Optimization
through response surface methodology (RSM) is an effective
tool to understand the interaction between the factors used to
produce biochar and their significance through different re-
sponses [22]. RSM with a combination of central composite
design (CCD) is a well-established structure to improve effec-
tiveness of modeled factors [23]. The objectives of this study
are, therefore, to evaluate the effect of three key pyrolysis
parameters: temperature, quantity of biomass, and feedstock
size, on the various biochar characteristics for a cabbage-
waste-derived biochar; and confirm via planting test with
Ipomoea purpurea that biochar produced under these condi-
tions is a suitable soil amendment agent.

2 Materials and methods

2.1 Experimental design

For use of biochar as a soil amendment, understanding and
predicting its physical and surface-chemistry characteristics
are important to know how it will function and influence the
physicochemical properties of soil [24]. To understand how
the biochar preparation parameters influenced these final char-
acteristics, the experiment was designed by RSM. Optimum
response of biochar was determined by the correlation be-
tween the responses (biochar yield, ash content, pH, ζ-poten-
tial, ECE, CEC, C, N, and fixed carbon (FC)) and the quanti-
tative experimental variables (heating temperature, sample
sizes, and mass of feed biomass).
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The temperature range selected was 300–600 °C, based on
the range reported in most studies and the temperature region
that typically shows the most variation and most suitable char-
acteristics for agriculture [12]. Particle sizes from other studies
typically range from 75 μm up to a few mm in diameter [16,
19]. Since cabbage is likely to be macerated prior to solar
drying, we chose the upper region of this range to focus this
study, selecting particles retained on sieves from 0.7 mm up to
2.4 mm in aperture size. Biomass feedstock masses ranged
between 40–80 g, based on what was suitable for our fixed
bed pyrolysis system.

The major aim of using RSM is to efficiently determine the
optimal response through regression analysis of the response
surfaces using the minimum experiments through factorial
combination [25]. CCD is able to fit first-order and second-
order linear degree models with the aid of the axial and central
points. CCD analysis was conducted in Design-Expert 11
using a small central composite design with six repeated cen-
tral points and replicate axial points. Orthogonality and cur-
vature were estimated through CCD to minimize the variation
in the regression coefficients [26, 27]. A CCD composed of a
two-level factorial design and center point experiments (0, 0)
was employed, consisting of 20 runs (Table 1). The span from
factorial point design space to the center point was taken + 1
or − 1 and from the center to the star points as alpha |α| =
1.667.

For particle size, an exact factorial and star point design
could not be achieved due to standard sieve sizes. Hence, for
modelling purposes, the sieve sizes 0.7, 1.0, 1.4, 2.0, and 2.4
were modelled as 0.67, 1.0, 1.5, 2.0, and 2.33, respectively,
which are all within 7% of the true value. Given the range and
unknown distribution of particle size in between each sieve,
this approximation is reasonable.

The model fit was assessed by optimizing the adjusted R2

and corrected Akaike information criterion (AICc) separately,
which was then compared for various other diagnostic and fit
indices to evaluate the preferred model between these two.
The prediction power was assessed with the adjusted R2, as
well as using the predicted vs actual plot which also confirmed
whether residuals were randomly distributed and therefore the
suitability of the model assumptions. Cook’s distance was
used to identify influential and possibly erroneous measure-
ments. Certainty of the model and remaining coefficients was

evaluated by the ANOVA p value. Notable interactions were
identified by the magnitude of the interaction terms in the
quadratic models, the shape of the surface plots, and the rela-
tive magnitude of the two independent variables in perturba-
tion plots.

Optimization of the CCD-derived data was done
using the Design Expert 11 optimize function. This
was done with selected weighting towards certain pa-
rameters, along with their objective (minimize, maxi-
m i ze , cons t r a i n i n a r ange ) a s i nd i c a t ed in
Table S1.The optimization function creates a desirability
function based on the parameter weighting that it then
tries to maximize. To avoid local maxima, it uses 30
starting points across the design space.

2.2 Vegetable waste collection and biochar
preparation

Waste cabbage was collected from a large university cafeteria
at Qatar Foundation, Doha, Qatar. The large cabbage leaves
were cut into smaller pieces with a range of 1 to 2 cm.
Thereafter, the samples were dried at a temperature of 75 °C
in a mechanical convection laboratory oven for 24 h [28]. This
temperature was selected for drying of the feedstock because it
is representative of solar drying [29] or low energy grade flue
gas drying.

After estimating the weight of dried biomass, it was
crushed into small pieces to reduce the biomass size before
its pyrolysis. The crushed dry biomass was sorted into size
groups retained by each of five standard sieves of size 0.7, 1,
1.4, 2, and 2.4 mmby following the ASTM standardD 422-63
[30] using a Haver EML Digital Plus (Haver & Boeker).
Pyrolysis was conducted at a ramp rate of 5 °C min−1 and a
hold duration of 15min using a muffle furnace (Lindberg Blue
M-3504, Thermo Scientific) to produce biochar following the
CCD structure (Table 2). These pyrolysis conditions result in
high yields and suitable properties for soil amendments [17,
19].

2.3 Biochar characterization

After pyrolysis, the yield percentage of produced biochar was
determined by Eq. 1 [1].

Table 1 Coded and experimental
variables for CCD Coded variable Experimental variable Units Coded level and actual level

−α − 1 0 + 1 +α

A Set point temperature °C 300 360 450 540 600

B Sample size mm 0.67 1.00 1.50 2.00 2.33

C Sample mass g 40 50 65 80 90
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Yield of biochar %ð Þ

¼ Weight of biochar gð Þ
Weight of oven dried wastes gð Þ � 100 ð1Þ

The estimation of pH and ECE of biochar were performed
using a calibrated pH meter (Orion Star A121) and conduc-
tivity meter (A329, Thermo Scientific). A mixture of biochar
and ultrapure water (R = 18.2 mΩ) in the ratio of 1:5 was put
into the shaker at 150 rpm for 1 h before estimation of the pH
and ECE [31, 32]. The measurement of CEC was performed
following the ammonium acetate method [33]. ζ-potential was
measured using a Malvern Zetasizer Nano-ZS [34]. A com-
bustion type elemental analyzer (EA 3000, Eurovector) was
used to determine C, H, and N content of biochar. The instru-
ment was set with a furnace temperature of 980 °C and carrier
flow of 121 mL min−1. Before analysis, the biochar samples
were oven-dried. Samples ranging from 0.50 to 1.5 mg were
weighed and acetanilide was used as a reference standard.
Proximate analysis was conducted to measure FC and ash
content of biochar following the American Society for
Testing and Materials (ASTM) D7582-15 method [35]. The
thermal analysis of the biochars was performed by using an
SDT-2960 simultaneous DSC-TGA thermal analyzer (TA
instruments).

The FC and the percentage of oxygen (O) contents were
measured by the following equations, (2) and (3):

FC %ð Þ ¼ 100− Ash %ð Þ þ Volatile matter %ð Þ½ � ð2Þ
O% ¼ 100− C%þ H%þ N%þ Ash%ð Þ ð3Þ

2.4 Planting pot test studies

After analyzing the optimum conditions for producing bio-
char, pot tests were conducted using unplanted and planted
pots filled with a mixture of sand and biochar produced at the
optimum pyrolysis temperature and size. Unplanted and
planted plastic pots of 9 cm (W × L) by 16 cm (D) were filled
with 400 g of loamy sand, which contains 73.6% sand, 15.7%
silt, and 16.2% clay amended with 0% (control) and 2% (w/w)
biochar. A fraction of 2% biochar was chosen based on our
own unpublished results with sand and other literature [36].
The loamy sand, commonly used in Qatar, was collected from
our university landscaping department. For planting tests,
I. purpurea was selected as it can survive in high temperature
and is widely grown as an ornamental plant in Qatar. Ten
seeds of I. purpureawere placed in each container in a similar
manner. Replicates of each unplanted and planted pot were
monitored for 10 days. Water supply, water evapotranspira-
tion, and water retention of unplanted and planted pots were
recorded daily (24 h intervals) based on the weight changes of
the pots before and after watering. During these periods, plant

Table 2 CCD run order of experiment design and experimental results

Actual
run

Standard
run

Temperature
(°C)

Size
(mm)

Quantity
(g)

Yield
(%)

pH Zeta
(mV)

ECE
(mS.cm-1)

CEC
(cmolc.kg

-1)
C
(%)

N
(%)

FC
(%)

Ash
(%)

H/C O/C

1 1 540 2.00 50 19.56 13.37 − 56.3 0.582 17.56 64.77 2.23 44.77 21.95 0.004 0.196

2 6 360 2.00 80 23.93 7.50 − 2.5 0.456 22.84 60.36 2.58 51.51 12.35 0.006 0.361

3 11 450 0.67 65 21.00 12.39 − 58.2 0.561 24.52 64.73 2.61 46.24 18.84 0.005 0.215

4 16 450 1.50 65 22.26 12.00 − 50.2 0.434 19.85 63.14 2.36 46.18 18.69 0.006 0.210

5 10 600 1.50 65 17.60 13.48 − 49.3 0.401 16.38 75.18 2.30 63.41 22.35 0.001 0.184

6 20 600 1.50 65 16.78 11.76 − 46.2 0.396 16.38 75.16 2.38 63.38 22.31 0.001 0.190

7 15 450 1.50 65 22.08 12.55 − 65.1 0.435 19.72 63.03 2.31 46.32 18.61 0.006 0.218

8 9 300 1.50 65 28.09 7.10 − 2.02 0.298 23.10 58.44 2.58 46.99 11.76 0.017 0.350

9 2 540 2.00 50 19.48 13.25 − 51.2 0.575 18.35 64.71 2.28 45.57 21.25 0.004 0.128

10 17 450 1.50 65 22.11 12.48 − 53.4 0.461 18.75 63.29 2.42 46.24 18.63 0.006 0.249

11 19 450 1.50 65 22.34 12.20 − 56.1 0.470 19.70 63.32 2.45 46.20 18.71 0.006 0.049

12 5 360 2.00 80 23.80 7.80 − 2.87 0.464 21.07 62.31 2.63 51.57 12.29 0.006 0.337

13 13 450 1.50 40 20.40 12.42 − 45.2 0.426 19.83 63.26 2.34 46.32 18.61 0.006 0.266

14 18 450 1.50 65 21.75 12.25 − 40.8 0.439 19.80 63.34 2.32 46.25 18.64 0.006 0.049

15 7 360 1.00 50 23.52 8.06 − 1.35 0.399 25.16 62.97 2.75 51.21 12.82 0.005 0.335

16 12 450 2.33 65 22.88 12.10 − 34.2 0.645 18.75 63.05 2.24 47.38 17.35 0.006 0.320

17 8 360 1.00 50 23.64 8.10 − 1.74 0.384 25.20 62.54 2.86 51.49 12.84 0.006 0.329

18 4 540 1.00 80 19.30 13.45 − 58.2 0.546 18.73 67.51 2.35 45.72 22.17 0.003 0.120

19 3 540 1.00 80 19.18 13.28 − 66.7 0.482 18.57 66.24 2.30 42.30 25.53 0.003 0.132

20 14 450 1.50 90 21.39 11.80 − 45.8 0.422 17.74 63.37 2.39 46.26 18.55 0.006 0.328
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growth was measured on the basis of seeds germinated, plant
height, and number of leaves.

2.5 Statistical analysis of plant growth

The statistical significance of changes in plant growth and
water retention capacity at different rates of biochar applica-
tion were determined using two-way independent analysis of
variance (ANOVA) where the second two-level factor was the
day of measurement. Significance was defined at α = 0.05.
The analysis was conducted using the IBM SPSS statistical
package.

3 Results and discussion

3.1 Model factor variations of biochar

3.1.1 Yield

After pyrolysis, the yields of biochar at different pyrolysis
temperatures were analyzed and presented by RSM (Fig. 1).
The yield of biochar is plotted against the three design factors:
temperature, biochar size, and quantity of feed in Fig. 1a and
b. The yield is maximum at the lowest temperature tested of
300 °C and medium size of 1.50 mm (Fig. 1a). The yield
reduced from 28.09% under optimum conditions to a mini-
mum value of 17.60% for the tested conditions at the highest
pyrolysis temperature. Temperature was the most influential
factor on biochar yield due to the conversion of lower weight
molecular organics into the gaseous form [37]. The most no-
table interaction was between particle size and mass, where an
opposite response to feedstock mass was observed at small
and large particle sizes. This is likely due to a complex rela-
tionship between heat transfer, heat retention, and biomass
decomposition. Smaller particle size and mass lead to more

rapid heating and cooling, the latter being particularly impor-
tant given the relatively short hold time (15 min), since the
furnace and sample cooled naturally following the hold peri-
od. The degradation of cellulose to a more stable
anhydrocellulose, which gives higher biochar yield, is the
dominant reaction at higher temperature and cellulose depo-
lymerizes producing volatiles. During the pyrolysis process,
carbonaceous volatiles are driven off, and their escape from
the sample through the particles and between particles can
drive subsequent reactions, which are influenced by the parti-
cle size and mass.

It is obvious from the perturbation plot (Fig. S1a) that the
relative effect of temperature (A) was much more significant
than either particle size (B) or mass (C). The final quadratic
model did not include a quadratic term for particle size or
interaction between temperature and particle size (Table S3).
It had an R2adj value of 0.984 and model ANOVA p value of <
0.0001 (Table S4) with well distributed residuals (Fig. S1b).

3.1.2 Ash content and pH

The response surface plots for ash content and pH based on
the pyrolysis temperature, particle size, and quantity of bio-
mass feed are presented in the Fig 2. The ash content of feed-
stock was 8.4%. Biochar ash content was highly influenced by
pyrolysis temperature, whereas particle size and mass had
minimal impact (Fig. 2, Fig. S2). Biochar at the highest tem-
perature had the highest ash content due to the loss of carbo-
naceous volatiles. Beyond the main effects, the model for ash
only contained the quadratic term for temperature and interac-
tion term for particle size and mass (Table S3). The model had
an R2

adj of 0.965 along with an ANOVA model p value of <
0.0001 (Table S5) which shows model suitability based on the
predicted versus experimental data (Fig. S2b). The modeled
equation developed for ash content is given in Eq. 5
(Table S3).

B: Size (mm) A: Temperature (°C)

(a)

B: Size (mm)

(b)

Fig. 1 3-D surface response for yield of biochar with the design factors: (a) temperature and size and (b) size and quantity
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The pH was also strongly influenced by increasing temper-
ature (Fig. 2 c and d), and showed strong correlation with ash
content. The pH of all produced biochars was more than 7,
signifying the alkaline nature of the biochar (Fig. 2c). The
maximum response for pH (13.5) was observed at a tempera-
ture of 600 °C and was near neutral at a temperature of 300 °C.
For biochar application in desert sands, which have a pH be-
tween 5.5 and 7, the use of a slightly alkaline biochar is effec-
tive to balance the pH and promote germination and plant
growth [38]. Junna et al. [39] reported biochar at a range of
pH 7 to 8 amended with soil preferably increases CEC of
saline soil and plant growth in comparison to biochars with
higher pH, which is similar to the biochar produced at 360 °C
in our study.

The combined effect of particle size and quantity of feed
biomass on the pH is shown by the response curve in Fig. 2d.
For a small particle size and a large quantity, as well as a large
size and small quantity, a slightly higher pH was observed.
However, it is clear from the perturbation plot (Fig. S2c) that
these two factors had minimal overall impact on the pH, while
temperature was the main driver. The final model therefore

contained linear and quadratic terms for temperature, the lin-
ear components of particle size and mass (which were insig-
nificant) and their interaction term. The model had an
ANOVA p value < 0.0001 (Table S6) and an R2

adj of 0.934,
showing a suitable prediction tool in agreement with the ex-
perimental data (Fig. S2d). The modeled equation developed
for pH is given in Eq. 6 (Table S3).

3.1.3 ζ-potential

ζ-potential denotes the net charge between the surface plane
and slip plane of a colloidal particle. The negative charge of ζ-
potential was observed to increase with increasing pyrolysis
temperature up to 540 °C, after which it decreases again (Fig.
3a). Figure 3b shows that ζ-potential is also influenced by the
particle size and feedstock mass, where low values or high
values of both these factors lead to less negative ζ-potential
charges. This was particularly true for a large size and
quantity.

Xue et al. [40] reported in their study that biochar produced
from different types of leafy vegetable wastes including stems

(a)

B: Size (mm)

(b)

B: Size (mm)

pH

(c)

B: Size (mm)

pH

(d)

Fig. 2 3-D surface response for (a, b) ash content and (c, d) pH of biochar with the design factors temperature, size and quantity
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had a maximum negative ζ-potential of − 51.5 mV produced
at 400 °C. A comparable observation was made in our study
for 450 °C and a particle size 0.67 (− 53.6 mV). However, the
optimum ζ-potential of cabbage waste biochar was − 66.7 mV
at 540 °C in our study. An increasing negative ζ-potential is in
good agreement with increasing pH [41], which was also ob-
served (Fig. 2). The strong relationship with temperature is
likely due to the changing surface groups and increasing po-
rosity caused as temperatures rise. Up to around 480 °C, the
acidic functional groups like phenolic and carboxylic acid
remain on the biomass, but within the 350−650 °C range,
significant transformations of the functional groups occur
[42], as evident by FTIR spectra (Fig. S3).

A curvature from the perturbation plot was observed for all
the three design factors, with temperature as the most influen-
tial factor, but both particle size and mass also influencing the
ζ-potential (Fig. S4a). A good correlation between predicted
values and actual experimental values of ζ-potential was
achieved as shown in Fig. S4b. The final quadratic model of
ζ-potential contained all main effects and their quadratic
terms, but only an interaction between mass and particle size.
The model had an R2

adj of 0.983 and an ANOVA p value of <
0.0001 (Table S7), indicating a relatively good prediction tool
for ζ-potential. The adequate precision ratio was the one of the
two lowest among the models, but at 14.8 is still very accept-
able. Temperature is again the most significant factor although
a high degree of interaction was observed between particle
size and adsorbent mass. The quadratic equation developed
due to modeled factors for ζ-potential is presented in Eq. 7
(Table S3).

3.1.4 ECE

The ECE of biochar is important as it indicates the biochar’s
salinity and directly affects seed germination and plant

growth. High salinity is a major contribution to the loss of
growth yield and productivity in cultivated lands [43]. The
ECE values of biochar produced from cabbage by different
pyrolysis temperatures remained less than 0.8 mS cm−1 (Fig.
4a), which is effective for the germination of plants and plant
growth [43]. The response of ECE showed an optimum
(minimum) at the lowest temperature and was maximal be-
tween 450 and 600 °C.

Particle size had a much stronger effect on ECE than most
other response variables, with a minimum ECE at intermedi-
ate particle sizes. This is likely due to the heat transfer effects
related to particle size influencing both heating and cooling,
and consequently defining the exact transformations taking
place both at the surface and internally in the biochar particles.
Mass had little direct effect on ECE but had interactions with
both temperature and particle size (Fig. 4b). While this ap-
peared relatively significant, it should be noted that both axial
points for particle size had large Cook’s distance of > 3, mak-
ing these edges of the response surface plot highly influenced
by these two measurements. The predicted quadratic equation
for ECE has an R2adj of 0.907 with an ANOVA p value of <
0.0001 (Table S8), indicating a highly suitable prediction tool.
The quadratic model equation is shown in Eq. 8 (Table S3).

3.1.5 CEC

CEC is a measure of a soil’s ability to hold positively charged
ions and influences soil structure stability, nutrient availabili-
ty, pH, and the interaction with cations and anions. The opti-
mum (largest) CEC value was observed at the lowest pyroly-
sis temperature of 300 °C and smallest particle size. It de-
creased linearly with increasing temperature, particularly for
larger particle sizes (Fig. 5a). Increasing the pyrolysis temper-
ature reduces the CEC of biochar, and the optimum CEC of
biochar at low temperature may arise due to the presence of

B: Size (mm)

(a)

B: Size (mm)

(b)

Fig. 3 3-D surface response for ζ-potential of biochar with the design factors (a) temperature and size of feedstock and (b) size and quantity of feedstock
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non-carbonized organic matter containing functional groups
(Fig. S4) and low aromatic character [44].

Particle size showed a strong nonlinear effect on
CEC with a minimum in the region of 2 mm (Fig. 5),
though there was no significant increase at higher tem-
perature. The cation exchange capacity is primarily as-
sociated with negatively charged functional groups such
as hydroxyl, carbonyl, and carboxyl. These are more
prevalent at lower temperatures and are driven off at
higher temperatures. Since decomposition and volatiliza-
tion of these compounds occurs more readily at the
surface, these groups disappear more quickly for smaller
particles sizes, and corresponded well with observed O/
C ratios. However, CEC is also strongly influenced by
surface area, which at low temperatures is going to be
more influential due to the presence of these functional
groups, as seen by the difference in response to particle
size at low vs high temperature (Fig. S6). Mass had a
linear influence on CEC with higher CEC at smaller
mass and could be related to the longer cooling time
associated with higher mass.

The quadratic model fitted to the experimental data contained
all main effects, a quadratic term for particle size and interactions
involvingmass. It had anR2adj of 0.9389 and amodel ANOVA p
value of < 0.0001 (Table S9). The quadratic modeled equation is
given in Eq. 9 (Table S3). Biochars with CEC in this range of
25–30 cmol kg−1 are beneficial as this is at least two-thirds more
than the CEC for most sandy soils [45].

3.1.6 C, N, and FC

Mineralization and immobilization rates in biochar are a func-
tion of C and N [46]. The surface response of C and N with the
three different model factors (temperature, particle size, and
quantity) of feed biomass is shown in Fig. 6. C and FC content
increased with temperature, achieving maximum values at 600
°C. In contrast, N content showed a reverse response, with
maximum content at low temperature (Fig. 6c–d). This is due
to themore volatile nature ofmost nitrogen compounds, such as
proteins, compared to many of the organics such as cellulose.

Neither particle size nor mass had almost any main effect
on carbon content of the biochar or influence on the response

B: Size (mm) A: Temperature (°C)

(a)

B: Size (mm)

(b)

Fig. 4 3-D surface response for ECE of biochar with the design factors (a) temperature and size of feedstock and (b) size and quantity of feedstock

B: Size (mm) A: Temperature (°C)

(a)

B: Size (mm)

(b)

Fig. 5 3-D surface response for CEC of biochar with the design factors (a) temperature and size of feedstock and (b) size and quantity of feedstock
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to temperature, but did show some interaction with each other.
However, particle size did influence N content, with smaller
particle size resulting in a higher proportion of N. This may be
due to decreased mass transfer resistance at smaller particle
size (larger surface area) that has a more pronounced effect on
the rate of release of larger molecules containing H and O
(e.g., CO2, CH4) compared to NH3. Higher C and lower N
values imbalance the C and N value of soil and can cause poor

crop growth and soil fertility [47, 48]. Biochar produced at
low temperature and particle size results in an optimum re-
sponse of N. The perturbation plot in Fig. S7 provides the
response change of the three factors demonstrating tempera-
ture as the most influential factor, followed by particle size.

The models for C and FC contained a quadratic term for
temperature, along with main linear components for all factors
and an interaction term for particle size and mass, thoughmass

(a)

B: Size (mm) A: Temperature (°C) B: Size (mm)

(b)

B: Size (mm) A: Temperature (°C)

(c)

B: Size (mm)

(d)

(e)

B: Size (mm) A: Temperature (°C) B: Size (mm)

(f)

Fig. 6 3-D surface response (a, b) for C, (c, d) for N, and (e, f) for FC of biochar with the design factors temperature, size, and quantity of feedstock

5487Biomass Conv. Bioref. (2022) 12:5479–5491



was not a significant predictor for either C or FC and particle
size was only significant for C. For N, the optimum model
also included a quadratic term for particle size. Actual mea-
sured values vs model-predicted response of C, N, and FC is
shown in Fig. S7. The fits were good for C and FC, while N
showed the largest deviations and lowest adequate precision
of any response factor, although still reasonable at 14.2. The
R2

adj values for C, N, and FC model are 0.967, 0.847, and
0.951, respectively. All these models showed an ANOVA p
value of < 0.0001, indicating that the models are suitable to
explain the variance in the data (Table S10 to S12). The qua-
dratic model equations developed for C, N, and FC are given
in Eq. 10–12 (Table S3).

It should also be noted that all biochar produced had H/C
lower than 0.02 and O/C less than 0.36, except at 300 °C
which had an O/C of 0.45 (Fig. S8). These low H/C values
indicate that biochar meets the stability requirements of the
International Biochar Association standards to be classed as a
biochar and thermochemically processed material [49].

3.2 Process optimization and model confirmation

The vital part of the present work is to determine the charac-
teristics of cabbage-derived biochar and the optimum pyroly-
sis conditions to make it as an effective soil amendment agent
for enhanced plant growth and water retention capacity. The
optimum temperature, size, and quantity of the feedstock were
determined mathematically using weighted optimization
based on overall desirability. The weighting factors are pro-
vided in Table S1 and prioritized yield (weighting 5), follow-
ed by pH, CEC, and elemental composition (all weighting 4),
with ζ-potential given the lowest priority (weighting 3).
Twelve local optima were identified (Table S13) which all
showed very similar temperature (361.1–362.8 °C), particle
size (0.88–0.98 mm), and feedstock mass (40.88–44.38 g).

These conditions indicate that generally speaking, for cabbage
biochar, relatively lower temperature, smaller particle size,
and smaller mass of feedstock enhance most properties of
the biomass. The optimal biochar based on the weighted de-
sirability function had a yield of 22.2%, pH of 8.00, ζ- poten-
tial of − 1.35 mV, ECE of 0.36 mS cm−1, CEC of 25.35 cmol
kg−1, C content of 65.34%, N content of 2.88%, FC content of
58.18%, and ash content of 11.76%. The optimal point
showed good overall properties with relatively high CEC,
mildly alkali pH, and relatively low ECE. The optimal solu-
tion did show compromise on optimal zeta-potential, which
was much less negative than at 540 °C, and had notably lower
C and FC content and higher ECE than could be achieved if
they were optimized as single target responses.

In general, the influence of feedstock mass was min-
imal on the biochar characteristics, though some inter-
actions were observed with particle size indicating that
surface area-driven heat and mass transfer factors have
some role in the process. In general, a smaller mass of
feedstock resulted in slightly improved conditions, e.g.,
for pH, ECE, CEC, C, N, and FC, although both yield
and ζ-potential were negatively impacted. The relatively
small impact of feedstock mass is beneficial for scale
up, while both particle size and temperature can be eas-
ily controlled in the process. The optimum conditions of
a lower pyrolysis temperature are also beneficial from
an energy and economic perspective.

The fit statistics for the various response variable models
are provided in Table S14. The R2adj of all models was high,
with all but N being greater than 0.9. The adequate precision
ratios were all also significantly greater than 4. However, a
number of models for response variables suffered from pre-
dicted R2 values more than 0.2 less than the R2

adj values.
These response variables were pH, ζ-potential, ECE, CEC,
and N, indicating that these particular models would not be

Table 3 Different properties of biochar derived from different food wastes

Types of
food wastes

Pyrolysis temperature used to
produce biochar (°C)

Yield (%) pH ζ-potential
(mV)

H/C:O/C ECE (ms cm−1) CEC (cmolc kg
−1)

1Cassava 600 31.44 8.5 ± 0.3 - - 3.24 ± 0.1 19.44 ± 0.5
1Corncob 650 26.88 11.0 ± 0.5 - - 0.73 ± 0.1 16.85 ± 0.5
1Coffee husk 490 45.83 8.0 ± 0.3 - - 0.79 ± 0.1 12.52 ± 0.5
2Pea pods 300–600 22–5 8.84 ± 0.08 - 0.1:0.7 1.30 ± 0.1 12.14 ± 0.5
2Cauliflower 300–600 30–14 *9.84 ± 0.011 - 0.1:0.5 1.31 ± 0.1 -
2Orange peel 300–600 25–18 *9.43 ± 0.17 - 0.1:0.7 0.238 ± 0.2 -
3Bean dregs 300–700 50.3–22.9 #9.71 ± 0.01 *− 60.2 < 0.01:< 0.2 - -
3Fruit pericarp 300–700 51.5–29.3 #8.56 ± 0.05 *− 25.8 < 0.07:< 0.4 - -
3Nut husks 300–700 58.4–30.4 #8.14 ± 0.12 *− 46.6 < 0.07:< 0.4 - -
3Stems/leafy vegetables 300–700 49.8–33.0 #12.02 ± 0.03 *− 51.5 < 0.08:< 0.3 - -
3Tea leaves 300–700 64.0–31.0 #9.23 ± 0.01 *− 33.6 < 0.09:< 0.3 - -

#: 300 °C; *: 400 °C; 1:[50]; 2: holding rate 10 °C min−1 for 1 h [52]; 3: holding rate 5 °C min−1 for 2 h [41]
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suitable for making predictions of values due to the high var-
iability in some experimental responses to the model.

The applicability of cabbage biomass as a feedstock of
biochar was compared with other food waste biochar proper-
ties that is shown in Table 3 [50, 51]. The properties in general
are similar to other feedstocks, although the yield is lower than
most, due to the higher cellulose and lower lignin content of
cabbage. The lowest pH biochar achieved with cabbage was
more neutral than any other feedstock, including cauliflower
which is the most similar feedstock and was measured over a
similar temperature range. This makes it highly suitable for
soil amendment. Cabbage biochar also proves favorable with
regard to a low ECE and high CEC, indicating it has highly
suitable agricultural properties.

3.3 Evaluation of optimum biochar on plant growth

Based upon model optimization, the biochar produced at 360
°C and nearest sieve size of 1.0 mm size was selected and
tested on the ornamental plant I. purpurea to observe the plant
growth and water retention capacity (Fig. 7). After 10 days of
growth, an increase of 8.3% in average plant height and 7.5%
in number of leaves was observed in 2% biochar pots com-
pared to the control condition (Fig. 7a). However, neither
result was statistically significant (p > 0.05). The 2% biochar
amended sand was also found effective to increase water re-
tention from 18% in the control to 32% in the unplanted con-
dition and from 6.5 to 10% in the planted condition (p = 0.016
and 0.001, respectively) (Fig. 7b). Further confirmation plant-
ing studies are warranted for chars produced at different tem-
peratures, particle sizes, and feedstock quantities in the region
identified by optimization to fully confirm the predicted

process conditions. Long-term studies of biochar application
with different plants and soils are also warranted.

4 Conclusion

This study demonstrates that biochar produced from cabbage
waste has suitable characteristics for use as a soil amendment.
The design factors of pyrolysis temperature, feed size, and
quantity were analyzed. Of these, pyrolysis temperature is
the most influential factor across all response characteristics,
while feedstock particle size is also important. Mass provided
little main effects but did cause interactions, notably with par-
ticle size. The biochar produced at optimum conditions had a
relatively high CEC and moderately alkaline pH, making it
desirable as a soil amendment. Due to the cellulose-rich nature
of cabbage, it had relatively low yield and moderate carbon
fraction. The optimum cabbage biochar found by RSM pro-
vided potential improvements in plant growth and water re-
tention capacity of soil in the short preliminary planting study.
This highlights the potential of this waste material for biochar
soil applications and the need for further planting studies.
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