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5 cm above soil surface in 72 hr regular interval) on As and Cd bioavailability for rice and
its grain yield (YieldBR ) were investigated in a pot experiment. Brown rice As (AsBR ) content
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was irrelative to the watering treatments, while significantly decreased (>50%) with the ad-
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dition of both ZVIB materials. The diminutions of brown rice Cd (CdBR ) content as well as
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the YieldBR were highly dependent on both the soil amendment materials’ pH and watering
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amount. Among all the watering treatments, 3/72 treatment (15% less irrigation water than
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the CON) with ZVIB 6.3 amendment was the optimum fit for simultaneous reduction of AsBR

Water management

(50%) and CdBR contents (19%) as well as for significant increment (12%) of the YieldBR . Al-

Zero-valent iron biochar

though high pH (9.7) ZVIB application could also efficiently decrease As and Cd contents in
brown rice, it might risk grain yield lost if appropriate (e.g. 3/72 in our study) watering management technique was not chosen. Therefore, ZVIB would be an environmentally friendly
option as an amendment material with proper selection of watering management technique to utilize As and Cd co-contaminated arable soils safely for paddy cultivation.
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Introduction
Arsenic (As) and Cadmium (Cd) are among the most noticeable metals(loids) pollutants in arable fields in China according to the national soil survey conducted in 2014 (Yin et al.,
2017). Both As and Cd can be more efficiently taken up and accumulated in paddy rice (Oryza sativa L.) compared with other
crops (Su et al., 2010; Uraguchi and Fujiwara, 2012; Zhao et al.,
2012). As the staple food in China as well as in many other
countries in Asia, As and Cd accumulated in rice grains become a major source of the metals(loids) in the human intake
(Li et al., 2011; Mondal and Polya, 2008; Tsukahara et al., 2003).
Thus, effective control measures of the metals(loids) and/or
heavy metals polluted soils are essential and urgently needed
to diminish the adverse ecological and human health impacts
(Irshad et al., 2020; Li et al., 2019a; Tang et al., 2020).
The fate of As and Cd in paddy rice cultivation differ in
reaction to geochemical conditions (Qiao et al., 2018). The
soil redox conditions and pH can be changed through water
management and addition of soil amendments, which affect
As and Cd uptake by plants (Arao et al., 2009; Honma et al.,
2016; Wan et al., 2019). For As, flooding significantly rises the
As bioavailability in soil, increasing plant accumulation of As
(Arao et al., 2009; Honma et al., 2016; Wan et al., 2019). Bioavailability of As increased when Fe(III) oxides are reductively reduced under flooding conditions, releasing As adsorbed into
solution (Oremland and Stolz, 2005; Yu et al., 2016). Conversely,
Cd contents in brown rice and various parts of rice plant such
as roots, stems, and leaves can be noticeably reduced in flooding cultivation system (Hu et al., 2013), due to precipitation of
Cd with reduced sulfur or increased pH in soils (Bostick et al.,
2000; Barrett and Mcbride, 2007). In addition, high levels of
Fe(II) in the rice rhizosphere may decrease Cd uptake by contending for metal carriers as Fe(II) and Cd share similar uptake passageway in rice plants (Morrissey and Guerinot, 2009;
Nakanishi et al., 2006). Many previous studies have indicated
that long-term flooding conditions will lead to substantial decrease of Cd (Fulda et al., 2013; Honma et al., 2016; Suda and
Makino, 2016) and increase of As in rice grains (Honma et al.,
2016; Suda and Makino, 2016; Takahashi et al., 2004). Hence,
the remediation of As and Cd co-contaminated paddy soils
poses massive challenges, and remediation measures should
be selected carefully (Qiao et al., 2018).
Recently, biochar, which is produced from biomass via
pyrolysis, carbonization, gasification and hydrothermal carbonization processes with limited or total lack of oxygen
(Farrell et al., 2013; Oh et al., 2012; Peterson and Jackson, 2014;
Schimmelpfennig and Glaser, 2012), has been extensively applied to reduce bioavailability and mobility of heavy metals
and other pollutants in soils. Biochar can effectively immobilize Cd due to adsorption and increasing soil pH, as shown
in many studies (Houben et al., 2013; Kamran et al., 2019;
Qiao et al., 2018; Rizwan et al., 2016; Yin et al., 2017). However,
Chen et al. (2016) reported that it can lead to higher As toxicity by enhancing As reduction. On the other hand, zero-valent
iron (ZVI) can efficiently immobilize As in contaminated soil
because its corrosion products can provide high incorporation and adsorption capacities for As (Gimenez et al., 2007;
Wang et al., 2015; Zhou et al., 2014). Thus, application of com-
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bined ZVI biochar (ZVIB) for treating co-contaminated sites
has been reported recently. For instance, leaching of both Cd
and As in contaminated soils was significantly reduced after
application of ZVIB (Qiao et al., 2018; Sneath et al., 2013). In addition, Qiao et al. (2018) recently reported that the combined
ZVIB mixtures notably decreased plant uptake of As and Cd in
co-contaminated paddy soils.
Both water management and application of soil amendments such as ZVIB can be adopted to control the toxicity of
heavy metals in paddy fields. However, the interplay of these
two approaches and its effect on bioavailability of Cd and As,
as well as on the growth and yield of rice are unclear. During rice cultivation, water is crucial for its growth and development, and paddy system needs more water among calorieproviding major crops (Carrijo et al., 2017; Wu et al., 2017). Actually, rice is vulnerable to soil water shortfall, which causes
huge yield losses in several Asian states (Wu et al., 2011). Considering vast quantity of water losses through percolation,
seepage and evaporation during a continuous submergence
(Alberto et al., 2011; Bouman et al., 2007; Shao et al., 2015),
water-saving management measures are desired (Belder et al.,
2004; Bouman et al., 2005; Carrijo et al., 2017), especially in
water-deficient countries and regions. However, water-saving
irrigation practices (e.g., alternate wetting and drying) in rice
cultivation have not been broadly accepted due to lacking
of detailed characterization of hydrological conditions, wide
yield variability and reduced yields potential (Belder et al.,
2004; Carrijo et al., 2017). In addition, except controlling mobility and bioavailability of heavy metals in soils, soil pH also
significantly influences rice grain yield. In relation to soil water status, the application of ZVIB may influence the soil water holding capacity. Further, both biochar and zero-valent
iron may participate in the redox reactions in soils. In addition, previous studies have shown that biochar has liming effect. It can increase soil pH and provide extra cation exchange
sites (Harvey et al., 2011), which can decrease metal solubility
(Qiao et al., 2018), but the pH increase might not be conductive
to rice yield in every case.
Mitigation mechanism of Cd and As in co-contaminated
paddy soils using biochars and ZVIB mixtures were studied
in recent years (Qiao et al., 2018, 2019; Yin et al., 2017). However, there are fewer studies to investigate the interactions between water management and pH value of the amendment
with ZVIB application with regards to immobilization of Cd
and As in soils and rice yield. Hence, minimizing the knowledge gap, the goals of this study were to explore the potential
impacts of different watering management techniques and
ZVIB pH levels on (i) As and Cd bioavailability in rice tissues;
and (ii) paddy grain yield via pot trials.

1.

Materials and methods

1.1.
Soil, rice variety and zero-valent iron amended
biochar (ZVIB)
Arsenic (As) and cadmium (Cd) co-contaminated surface
paddy soil (0–20 cm) was collected from Daye City, Hubei
Province, China. The soil was air-dried for two weeks and then
massive aggregates were gently crushed. Stones, grasses, and
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Table 1 – Basic properties of original soil, ZVIB 6.3 and 9.7.
Properties

Soil

ZVIB 6.3

ZVIB 9.7

Sand (%)
Silt (%)
Clay (%)
pH (H2 O)
Total Al (g/kg)
Total As (mg/kg)
Total Ca (g/kg)
Total Cd (mg/kg)
Total Co (mg/kg)
Total Cr (mg/kg)
Total Cu (mg/kg)
Total Fe (g/kg)
Total K (g/kg)
Total Li (mg/kg)
Total Mg (g/kg)
Total Mn (mg/kg)
Total Na (g/kg)
Total Ni (mg/kg)
Total P (g/kg)
Total Pb (mg/kg)
Total Rb (mg/kg)
Total Sr (mg/kg)
Total Zn (mg/kg)

8.3
76.4
15.3
6.3
37.9
29.9
2.3
1.0
13.2
53.3
56.6
22.5
6.6
32.1
2.3
636.0
0.4
17.4
0.7
137.1
87.8
29.9
82.6

–
–
–
6.3
6.4
10.1
10.0
11.7
15.6
71.1
16.6
79.6
11.4
3.3
2.5
607.0
1.5
27.2
1.2
84.0
108.0
100.5
89.5

–
–
–
9.7
6.5
10.3
103.4
11.8
16.0
73.6
17.2
80.7
11.9
3.5
2.6
628.3
1.6
27.8
1.2
85.9
112.3
100.9
89.8

roots were manually removed. The soil was then sieved using a 5 mm sieve followed by a homogenized mixing for pot
experiments. Subsamples of the soil were grinded further to
<2 mm for property analysis. Rice seeds of a hybrid cultivar
(Oryza sativa L. cv. Jiangliangyou 1377) were purchased from
Sichuan Longping High-Tech Seeds Co., Ltd. with a total life
cycle (from seed to grain) of around 136 days.
The ZVIB used in the experiment was obtained from Beijing
North Yongbang Science and Technology, China. The original
pH of the ZVIB is 2.9, then its pH was increased to 6.3 (ZVIB
6.3) and 9.7 (ZVIB 9.7) by adding Ca(OH)2 . After pH increment,
parts of Fe0 could be oxidized to form goethite (FeOOH), magnetite (Fe3 O4 ) and/or maghemite (Fe2 O3 ) on biochar surfaces
(Bakshi et al., 2018; Li et al., 2019b; Liu et al., 2020), which was
confirmed by different peaks (at 20.9°, 26.9°, 29.3°, 36.7°, 40.4°,
45.8°, 50.2° and 60.1°) of X-ray powder diffraction (XRD) analysis (2θ = 10°−90°) (Chen et al., 2019; Wang et al., 2013; Zhu et al.,
2020). It was previously reported that both the magnetite
and maghemite had nanoscale-ZVI and magnetic properties
(Xia et al., 2017). Goethite, magnetite and maghemite are isomorphous and have similar lattice parameters, so that differentiation between them (goethite, maghemite and magnetite)
is difficult by the XRD analysis (Jeen et al., 2007; Wang et al.,
2013, 2009; Xia et al., 2017). However, in this study, almost similar XRD patterns were found for both the ZVIB materials. In
addition, same functional groups such as C–O, C = O, Fe–O and
–OH were observed in Fourier transform infrared spectroscopy
(FTIR) analysis (Khan et al., 2020a, 2020b; Qiao et al., 2018) for
both the ZVIB. Therefore, it could be assumed that there were
little variations of iron minerals and functional groups of the
ZVIB 6.3 and ZVIB 9.7 based on the XRD and FTIR analysis
(Fig. 1). Basic properties of the soil, ZVIB 6.3 and ZVIB 9.7 are
provided in Table 1.

1.2.

Pot experiments

The rice (Oryza sativa L.) pot culture experiment was conducted in a mothproof screen cage (39°5 53 N, 117°8 46 E) with
protection from wind and rainfall in Tianjin, China. The experiment lasted from June (summer) to November (early winter)
in 2018. The temperature all over June to August is 19 to 31 °C,
and from September to November 8 to 26 °C.
The paddy soils (a total of 4.2 kg) were thoroughly and separately mixed with 1.2% (w/w, 0.054 kg/pot) of ZVIB 6.3 or ZVIB
9.7 before placed into each PVC pot (height: 25 cm and diameter: 22 cm). In addition, there were five irrigation treatments
(started 10 days after transplanting and maintained until two
weeks before harvest), including (a) 1 cm watering above soil
surface in a 72 hr regular interval (1/72), (b) 3 cm watering
above soil surface in a 72 hr regular interval (3/72), (c) 1 cm watering above soil surface in a 72 hr regular interval for the first
60 days, then 3 cm watering above soil surface at the same interval thereafter (1–3/72); (d) 3 cm watering above soil surface
in about 100 hr interval (the interval time was reduced from
110 to 90 hr as the water requirement increases after booting
stage, and the soil surface water was visually disappeared but
the surface was not dry) (3/100); and (e) a untreated control
soil with 5 cm watering above soil surface in a 72 hr regular interval (CON). For the above treatments, the watering amount
decreases as CON>3/72>1–3/72>3/100>1/72. The highest watering amount was used in CON because (1) according to continuous shallow flooding irrigation management method for
paddy field, 2–5 cm constant water layer is commonly kept,
and re-irrigation is given when the water depth is 2 cm (knowledgebank.irri.org); 2) Effects on heavy metals(loids) load in rice
and its grain yield can be observed when reducing watering
amount with ZVIB amendments in other treatments. There
were three replicates of each treatment including the control.
As basal fertilizer, P2 O5 and K2 O were incorporated at 0.25
and 0.15 g/kg of soil respectively (Khan et al., 2013). In addition, CO(NH2 )2 was also applied as a basal and by top dressing (in a liquid form within 20 days of transplanting to avoid
N deficiency) at a dose of 0.13 g/kg soil for 2 times. The pots
were irrigated with deionized water while keeping 5 cm water
above the soil surface for 5 days before seedling transplantation (Yin et al., 2017). Two rice plants were transplanted in each
pot. The total paddy rice cultivation period was 149 days, with
20 days (14th June to 3rd July 2018) for seedling production, and
130 days (4th July 2018 to 11th November 2018) for transplanting and grain harvest.

1.3.
Sampling of porewater, plant’s parts, post-harvest
rhizosphere soil and analysis
After 20 days of transplanting, a Rhizon sampler (Rhizosphere
Research Products, the Netherlands) was placed in each pot
at 8 cm depth below the soil surface (the rooting zone depth).
Then after a total of 10 days equilibration period, the porewater samples were collected at a 7 days regular interval at
different paddy growth stages (Tillering: 30–45 days; Booting:
53 days; Heading: 60–75 days; Grain filling and ripening: 83–
113 days). Simultaneously with porewater extraction, an automated pH electrode (SI400 s/n21695, Spectrum Technologies,
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Fig. 1 – Scanning Electron Microscopy (SEM) of ZVIB 6.3 (a), ZVIB 9.7 (b), and XRD patterns (c) and FT-IR spectra (d) of ZVIB 6.3
and ZVIB 9.7.

Inc., USA) was used to measure the in situ pH of rhizosphere
soils.
Rice plants were harvested after 130 days (transplanting
to harvest) of cultivation. The plants of each pot were mixed
to represent one replicate. The whole rice plants were cautiously excavated from pots. First tap water then deionized
water was used to wash rice roots thoroughly for several
times. The shoots were cut out and the grains were divided
into brown rice and husk. After being oven-dried at 65 °C for
3 days, the plant samples were grinded (Yin et al., 2017) using
electric grinder (FW 100, Beijing Zhongxingweiye Instrument
Co., Ltd., China). A subsample of 0.5 g was mixed with 12 mL
acid (HNO3 :HClO4 =5:1) and digested (DigiBlock ED54, LabTech,
USA) at 60 to 155 °C until the solution became clear. Then the
digested samples were diluted to 25 mL using ultra-pure water
and filtered through a 0.22 μm filter.
The soils strongly stuck to rice root (rhizosphere soils) were
collected manually by tapping gently. Before proceeding to microwave digestion (HNO3 and H2 O2 ) for total As and Cd analysis, the rhizosphere soils were firstly air-dried, then oven-dried
and grinded (EPA Method 3050B). A four step and three step se-

quential extraction procedure for soil As (Wenzel et al., 2001)
and Cd (Rauret et al., 1999) measurement were conducted for
the soil samples (details in Appendix A Table S1, S2).
Concentrations of As and Cd were measured by an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Optima
5300 DV, Perkin Elmer, USA), while other elements were determined by an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) (ELAN DRC-e, Perkin Elmer, USA).

1.4.

Water use efficiency

During the pot experiment, water was lost due to evaporation (via water and/or soil surface) and evapotranspiration (by
plant). The amount of water consumed can be derived from
the total amount of water added (TWA) throughout the entire
cultivation period for every watering treatment. The water use
efficiency (WUETDM ) was calculated by dividing total dry matter (TDM) of the biomass (whole plant including root, shoot
and grain) by total amount of water added (TWA) in each watering treatment. And the TDM of biomass was determined
after oven-drying the plant biomass for 3 days at 65 °C.
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Statistical analysis

The SPSS (Statistics 23, IBM, USA) software was used for statistical analyses of the data. Univariate analysis of variance
(Tukey HSD and Ducan) was performed using general linear
model (GLM) procedure, and the mean difference was significant at 95% confidence level (P<0.05). The Pearson correlation analysis was also conducted at the same significance level
(P<0.05).

2.

Results and discussion

2.1.
Effect of ZVIB pH and watering technique on rice
rhizosphere soil pH
As shown in Appendix A Fig. S1a and S1b, rice rhizosphere soil
pH in both ZVIB 6.3 and 9.7 amended soils under all the watering treatments increased very slowly until 60 days of cultivation (booting stage). Subsequently, the pH increased sharply
until 90 days, then, a sudden decrease were observed between
90 and 98 days of cultivation (grain filling stage). Thereafter,
the soil pH became stable. In general, oscillation of the rhizosphere soil pH were observed in both the ZVIB amended soils
in all the watering treatments as well as in the control (CON)
(Appendix A Fig. S1a, S1b). The fluctuation of rhizosphere soil
pH in this study could be influenced by the watering as there
was time differences between watering scheduling (3/4 days
interval) and in situ pH measurement (7 days interval).
As expected, rice rhizosphere soil pH increased more in
ZVIB 9.7 than in ZVIB 6.3 amendment soil compared to the
CON throughout the growth period in all the watering treatments (Appendix A Fig. S1a, S1b). The higher pH increment in
ZVIB 9.7 than in ZVIB 6.3 amendment soil signifies a substantial effect of total Ca(OH)2 content in both the ZVIB (Ca(OH)2
was used to increase pH of the ZVIB) (Table 1). Previously it
was observed in many studies that rice rhizosphere soil pH
could be influenced by the pH of soil amendment materials (Ding et al., 2016; El-Naggar et al., 2018; Obia et al., 2015;
Rajendran et al., 2019; Rizwan et al., 2019; Wu et al., 2018;
Yin et al., 2017). For example, Yin et al. (2017) observed that
soil solution pH (soil pH: 5.35) increased in biochar (biochar
pH: 10.7) amended soil, and decreased in 2% Fe-biochar (Febiochar pH: 4.87) amended soil. In addition, soil solution pH
was increased in ZVI-biochar mixture amended soil (pH 5.0–
5.6) than in untreated soil (pH 4.7) (Qiao et al., 2018).
Under flooded condition, pH of acidic soil increases to neutral as reductive dissolution of Fe oxides consumes H+ , while
pH decreases again when dried because ferrous ion oxidation
produces H+ (Yu et al., 2016). Thus, water content can affect
paddy soil pH, as well as the types and concentrations of major cations (Yu et al., 2016). However, because the soil studied
has a pH close to neutral (pH 6.3, Table 1), the effect of water
content on the soil pH is probably small. The steep pH increase
until 90 days could be caused by high consumption of nitrogen. The urea applied to soil can be hydrolyzed quickly releasing NH4 + , which can be subsequently nitrified into NO3 − . Plant
uptake of NO3 − leads to increase of soil pH (Tordoff et al., 1986;
Wang et al., 2019).

2.2.
As and Cd concentrations in porewater during the
growth period
Wavering of the As and Cd concentrations in porewater were
observed in all treatments including CON (Fig. 2a-2d). This
fluctuation could also be influenced by the alteration of the
rhizosphere soil pH and different watering amount (explained
in previous section). Nevertheless, all the porewater Cd concentration results were close to the detection limit (0.01 μg/L)
of the ICP-MS. However, lower concentrations of As and Cd
than CON were mostly detected in all the watering treatments
in both the ZVIB amended soils all over the cultivation period (Fig. 2a-2d), though the CON soil contained more water
and therefore larger dilution effect was expected. Nonetheless, grain filling stage of rice has a substantial impact on grain
As and Cd accumulations. It was reported previously that As
and Cd accumulated rapidly in rice grains after 21 days of
heading and 16 days of anthesis, respectively (Arao et al., 2009;
Rodda et al., 2011). Therefore, grain filling stage is very essential for the alleviation of the metals(loids) accumulation
in grains (Yin et al., 2017). In present study, the porewater As
and Cd concentrations at grain filling stage (83–98 days) were
lower in most of the watering treatments in both the ZVIB
amended soils in comparison to the CON. Moreover, the average porewater As concentrations over the whole cultivation
period in all the watering treatments were significantly reduced in the ZVIB 6.3 amended soils by 37%, 40%, 53% and
29%, respectively in the 3/72, 1–3/72, 3/100 and 1/72 watering
treatments, while 11%, 21%, 28% and 31% of the reduction of
As concentrations were observed respectively in 3/72, 1–3/72,
3/100 and 1/72 watering treatments in the ZVIB 9.7 amended
soils compared to the CON (Appendix A Table S3). In addition, the average Cd concentrations throughout the cultivation period were reduced by 66%, 53%, 36% and 49% in ZVIB 6.3
amended soils, whereas 30%, 37%, 52% and 51% decrease were
observed in ZVIB 9.7 amended soils, respectively in 3/72, 1–
3/72, 3/100 and 1/72 watering treatments in comparison to the
CON (Appendix A Table S3). Therefore, the results suggested
that both the ZVIB could reduce the porewater metals(loids)
load efficiently.
In soil, ZVI can be oxidized by abiotic and biotic processes to form amorphous iron oxyhydroxides such as ferrihydrite (Fe(OH)3 ) (Qiao et al., 2018), which could subsequently further transform into goethite as more stable phase
(Feitknecht and Michaelis, 1962; Singh et al., 2010). Surface
sites for As and Cd adsorption were generated via the freshly
formed iron oxide minerals from the overhead corrosion processes, which consequently increased the metals(loids) immobilization (Qiao et al., 2018). The research team reported
that ZVI could slightly adsorb Cd but remarkably immobilize
As, whereas biochar could dimly immobilize As but greatly adsorb Cd. Therefore, the ZVI and biochar combined amendment
could have mutual effect of ZVI and biochar for simultaneous
immobilization of As and Cd (Qiao et al., 2018). In addition, formation of goethite on the ZVIB could also immobilize As and
Cd, because it was recently observed that goethite modified
biochar could also effectively immobilize the metals(loids) in
paddy soils (Irshad et al., 2020; Zhu et al., 2020). Our results
also showed that both the ZVIB could simultaneously reduce
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Fig. 2 – Porewater As (a, b) and Cd (c, d) concentrations under ZVIB 6.3 and 9.7 with different watering treatments (CON, 3/72,
1–3/72, 3/100 and 1/72) throughout the rice cultivation period. Values were expressed as mean ± standard deviation (n = 3).
The ∗ significant at 5%, ∗∗ significant at 1%, ∗∗∗ significant at 0.1% and ns non significant.

porewater As and Cd efficiently in 3/72 watering treatment in
particular.

2.3.

As and Cd speciations in rhizosphere soils

The sequential extraction applied classified As into five fractions. The F1 (Non-specifically-bound) and F2 (specificallybound) were proposed as bioavailable As, whereas F3
(amorphous hydrous oxide-bound) and F4 (crystalline hydrous oxide-bound) were suggested less bioavailable As
(Baumann and Fisher, 2011; Fan et al., 2002; Tang et al., 2007),
and F5 was the residual As (Wenzel et al., 2001). As fractions of
F1, F2 and F3 in CON (untreated soil) occupied 0.4%, 19% and
48% of the total As content, respectively (Fig. 3a, 3b). Compared
to the CON, F1 and F2 for As were significantly reduced, F3 was
significantly increased, whereas F4 and F5 did not change significantly in all the watering treatments of the ZVIB 6.3 and 9.7

amended soils (Fig. 3a, 3b). The adsorption of As to the iron oxides in the ZVIB and less water applied (thus less As reduction)
may explain the immobilization of As in ZVIB treated soils.
Cadmium was divided into four fractions. The Cd fraction F1 (water soluble, exchangeable and carbonate bound)
was considered bioavailable, but F2 (Fe and Mn oxide bound),
F3 (organic and sulfide bound), and F4 (silicate mineral
bound/residual) were proposed as immobilized Cd unavailable for paddy plants (Fan et al., 2014; Niazi et al., 2011). About
half of the Cd was bioavailable (F1: 43%−69%, Fig. 3c, 3d),
which was consistent with previous studies showing that Cd
mainly existed as exchangeable form (Kosolsaksakul et al.,
2014; Memoli et al., 2018). In both ZVIB amended soils,
the decreasing order of Cd content in F1 was 3/72>1–
3/72>CON>3/100>1/72, whereas, the Cd content increased
in an opposite trend (1/72>3/100>CON>1–3/72>3/72) in F2
(Fig. 3c, 3d). The ZVIB with 3/72 and 1–3/72 watering treat-
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Fig. 3 – Fractions (%) of As (a, b) and Cd (c, d) concentrations in rhizosphere soil with and without ZVIB 6.3 and 9.7 amended
soils in different watering treatments (CON, 3/72, 1–3/72, 3/100 and 1/72). As fractions: non-specifically-bound As (F1),
specifically-bound As (F2), amorphous hydrous oxide-bound As (F3), crystalline hydrous oxide-bound As (F4), the residual
As (F5). Cd fractions: water soluble, exchangeable and carbonate bound Cd (F1), Fe and Mn bound Cd (F2), organic and
sulfide bound Cd (F3), silicate mineral bound/residual Cd (F4). Values were expressed as mean and different letters showed
significant differences among the watering treatments (n = 3, P<0.05).

ments significantly reduced Cd contents in F1, and significantly increased Cd contents in F2 in comparison to untreated
CON. Higher reduction and higher increment of Cd contents
in F1 and F2 respectively, were observed in ZVIB 9.7 than the
ZVIB 6.3 amended soils. The results indicated that, under drier
conditions, addition of ZVIB reduced the more easily available
fractions of Cd, whereas under wetter conditions, the effect of
ZVIB on Cd fractions was small. The outcome suggests that
to a certain extent, the ZVIB treatment can be commentary to
water management in immobilizing Cd in paddy soils.
In a previous study, much lower bioavailable As and Cd
were shown in ZVIB composites than those in single ZVI or
single biochar amended paddy rhizosphere soils (Qiao et al.,
2018). These authors also pointed out that ZVI-biochar mixtures could noticeably enhance the alteration of As and Cd
fractions from bioavailable to immobilized or residual fractions under continuous flooding conditions (Qiao et al., 2018).
However, the addition of ZVIB in our study did not significantly
change the Cd fractions under more water conditions. In addition, there were negative correlations between bioavailable Cd
fractions and pH, but insignificant differences were observed
between pH and bioavailable As fractions due to less sensitivity of As than Cd species to pH (Qiao et al., 2018).

2.4.

As and Cd concentrations in rice tissues

The total As and Cd contents in the roots, root-shoot joints,
leftover straws, straws, husks and brown rice in different ZVIB
amended soils and watering treatments were given in Fig. 4.
Descriptions for root, root-shoot joint, and leftover straw were
provided in Appendix A Fig. S2. In all treatments including
CON, the As contents were in the order of roots>root-shoot
joints>leftover straws>straws>husks>brown rice, and the Cd
contents were in the order of roots>root-shoot joints>leftover
straws>straws>brown rice>husks. The grain As concentrations in the CON (0.4 mg/kg, Fig. 4c, 4d) were doubled compared to the permissible As limit (0.2 mg/kg) quantified by
the Chinese food security standards. Fascinatingly, in all the
ZVIB amended soils under different watering treatments, a
dramatic decline (>50%) of As concentrations (significant decrease compared to CON, P<0.05) were noticed in all rice tissues. All the watering treatments were insignificant among
themselves (Fig. 4a-4d). For example, the brown rice As (AsBR )
concentrations were reduced up to 50% (in ZVIB 6.3) and 58%
(in ZVIB 9.7) under 3/72 treatment in both the amendments
(Fig. 4c, 4d). This result could be explained by the strong negative correlation (the Pearson correlation coefficients) between
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Fig. 4 – As (a, b, c, d) and Cd (e, f, g, h) concentrations in different parts of paddy rice after harvest under ZVIB 6.3 and 9.7
amended soils with different watering treatments (CON, 3/72, 1–3/72, 3/100 and 1/72) throughout the rice cultivation period.
Values were expressed as mean ± standard deviation and different letters showed significant differences among the
watering treatments (n = 3, P<0.05).

total iron contents in rhizosphere soils (FePHS ) and AsBR contents (Appendix A Table S4), indicating that the presence of
ZVI in the treatment immobilized As. In addition, average
porewater As (AsAPW ) contents and FePHS also showed strong
negative relationship (r = −0.90 and P<0.05 for ZVIB 6.3, and
r = −0.79 for ZVIB 9.7 amendments, Appendix A Table S4).
It could be noted that the FePHS were significantly higher
in the ZVIB treatments than in the CON (P<0.01) (Appendix
A Fig. S3). It was proved in many studies that Fe added to
soil could efficiently form rice root Fe plaque, which further
greatly decreased AsBR contents and slightly reduced CdBR
contents by sequestering the metals(loids) in the Fe-plaque
(Lin et al., 2017; Qiao et al., 2018; Yin et al., 2017; Zhao and
Wang, 2019). Therefore, the iron added in ZVIB could possibly reduce both soluble As concentrations in the porewater, as well as hamper As from transporting into the roots
due to formation of more root iron plaque, which could further greatly reduce AsBR accumulations in comparison to the
CON.
In both the ZVIB amended soils, the watering treatments
were significantly different among themselves in influencing
Cd concentrations in the rice tissues (P<0.05) (Fig. 4e-4h). For
example, in ZVIB 6.3, 3/72 and 1–3/72 treatments efficiently
reduced 19% and 10% of Cd contents in brown rice compared
to CON, respectively, nevertheless, Cd contents in brown rice

were increased by 24% and 157% in 1/72 and 3/100 watering
treatments when the soils were amended with ZVIB 6.3 (compared to CON, P<0.05). In ZVIB 9.7 amended soil, brown rice
Cd contents were significantly decreased by 33% and 29% respectively in 3/72 and 1–3/72 treatments, but increased in 1/72
(14%) and decreased in 3/100 (14%) watering treatment in relation to CON. Moreover, average porewater Cd (CdAPW ) contents and FePHS showed significant negative relationship in
both ZVIB amended soils (P<0.05, Appendix A Table S4), but
both parameters did not show correlation with CdBR contents
(Appendix A Table S4), indicating that the FePHS was less effective in reducing CdBR accumulations than As. Hence, it could
be clearly seen from the above results that watering treatment
was very crucial for efficient reduction of Cd than As content
in rice tissues.
Overall, considering all the results on ZVIB amendments
with different watering treatments, the results of As concentrations were quite consistent for different measured parameters in this study. For example, porewater As concentrations, As contents in different rice tissues and sequentially
extracted rhizosphere soil As concentrations (F1 and F2) followed almost similar decreasing trend for all the watering
treatments in both ZVIB amendments. Whereas, 3/72 and 1–
3/72 watering treatments in both ZVIB amendments provided
similar diminution trend for Cd concentrations in different
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Fig. 4 – Continued

rice tissues and F1 in the rhizosphere soils. Therefore, the results of this study showed that the reduction of AsBR contents
was mostly related to FePHS , whereas, watering amount and
amendment material pH greatly impacted on the diminution
of CdBR accumulations. The effects on plant uptake of As and
Cd were in agreement with those on porewater As (for all the
watering treatments) and Cd (only 3/72 and 1–3/72 watering
treatments) concentrations as well as speciations of As and
Cd determined in the sequential extractions.

2.5.
Optimum combination of watering management and
ZVIB amendments
The number of effective tiller (at least 10 filled grains per
tiller) (NET), water use efficiency based on total dry matter
production (WUETDM ) and paddy grain yield (YieldBR ) in both
the ZVIB 6.3 and 9.7 amended soils were all following the order of 3/72>CON>1–3/72>3/100>1/72 (Fig. 5a, 5b, 5c). And the
WUETDM and YieldBR were highly positively correlated (P<0.05,
Appendix A Table S4), indicating a higher water using efficiency at higher grain yield. Moreover, the NET, WUETDM and
YieldBR among the same watering treatments were higher
in ZVIB 6.3 than those in ZVIB 9.7 amended soils in general
(Fig. 5a, 5b, 5c). In addition, the highest YieldBR was observed
in 3/72 watering treatments when the soil was amended with

ZVIB 6.3 (P<0.01), whereas 3/72 watering treatment was insignificant relative to CON (P<0.05) in ZVIB 9.7 amended soil
(Fig. 5c), with the grain yield increased by 12% and 0.2% in ZVIB
6.3 and ZVIB 9.7 amended soils, respectively. However, CON,
1–3/72 and 1/100 watering treatments were not significantly
different in both the ZVIB amended soils in consideration of
grain yield (P<0.05, Fig. 5c).
The WUETDM and YieldBR did not show relationship with
AsBR (r = 0.15 and 0.24 for ZVIB 6.3 and r = 0.02 and 0.34
for ZVIB 9.7, Appendix A Table S4), however, 3/72 watering
treatment (at which the WUETDM and YieldBR are highest)
still remarkably reduced AsBR with the application of ZVIB
(50% and 58% reduction of AsBR in ZVIB 6.3 and ZVIB 9.7
amendments respectively) in comparison to the CON (P<0.05,
Fig. 4c, 4d, Table 2). There were positive relationships between
WUETDM and YieldBR (r = 0.89 for ZVIB 6.3 and r = 0.87 for
ZVIB 9.7 amendments) as well as negative relationships between WUETDM and CdBR (r = −0.45 for ZVIB 6.3 and r = −0.68
for ZVIB 9.7 amendments, Appendix A Table S4). As discussed
above, increased watering amount exhibited effect on the reduction of CdBR. The CdBR was decreased by 19% and 33% in
ZVIB 6.3 (P<0.001) and ZVIB 9.7 (P<0.01) amendments respectively (Table 2, Fig. 4g, 4h). Moreover, 15% and 20% less water in
relation to the CON was added in the 3/72 watering treatment
in ZVIB 6.3 and ZVIB 9.7 amended soils, respectively (P<0.001,
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Fig. 5 – Number of effective tiller (a), total dry matter-based water use efficiency (WUETDM ) (b), and rice grain yield (dry
weight) (c) in ZVIB 6.3 and 9.7 amended soils with different watering treatments (CON, 3/72, 1–3/72, 3/100 and 1/72).
Different letters showed significant differences among the watering treatments in same amendment soil (n = 3, P<0.05).

Table 2 – Optimum combination of watering techniques and ZVIB amendments depending on different parameters evaluated in this study.
Treatment NET

CON(5/72)
3/72
1–3/72
3/100
1/72

WUETDM

YieldBR (g/pot)

AsBR (mg/kg)

CdBR (mg/kg)

ZVIB 6.3
8.33±0.58ab
9.33±0.58a
8.00±1.00abc
7.33±0.58bc
6.33±0.58c

ZVIB 9.7
8.33±0.58ab
8.67±0.58a
7.67±1.15ab
7.00±1.00ab
6.00±1.00b

ZVIB 6.3
2.89±0.07b
3.49±0.10a
2.90±0.10b
2.76±0.15bc
2.61±0.23c

ZVIB 9.7
2.89±0.07b
3.22±0.13a
2.81±0.11b
2.70±0.15bc
2.58±0.23c

ZVIB 6.3
22.44±1.27b
25.24±1.69a
22.33±0.98b
22.27±1.08b
18.43±1.49c

ZVIB 9.7
22.44±1.27a
22.48±1.44a
20.97±2.43ab
20.11±1.82ab
18.02±2.49b

ZVIB 6.3
0.40±0.10a
0.20±0.10b
0.20±0.06b
0.17±0.06b
0.17±0.06b

ZVIB 9.7
0.40±0.10a
0.17±0.06b
0.17±0.06b
0.16±0.01b
0.20±0.10b

ZVIB 6.3
0.07±0.01c
0.06±0.01c
0.06±0.01bc
0.18±0.03a
0.09±0.01b

ZVIB 9.7
0.07±0.01ab
0.05±0.01c
0.05±0.01c
0.06±0.01bc
0.08±0.01a

∗∗

∗

∗∗∗

∗∗∗

∗∗

∗

∗

∗

∗∗ ∗

∗∗

NET: number of effective tiller; WUETDM : water use efficiency based on total dry matter production; YieldBR : grain yield; AsBR : brown rice As;
CdBR : brown rice Cd. Values were expressed as mean ± standard deviation (n = 3), and different letters in same column showed significant
differences among the watering treatments. ∗ Significant at 5%; ∗ ∗ significant at 1%; ∗∗∗ significant at 0.1%.

Appendix A Fig. S4). The 1–3/72 watering treatment showed almost similar results like 3/72 watering treatment in reducing
As and Cd load in brown rice, but it decreased 1% and 7% of
grain yield in ZVIB 6.3 (P<0.01) and ZVIB 9.7 (P<0.05) amended
soils, respectively, compared to the CON (Table 2, Fig. 5c). Nevertheless, 3/100 and 1/72 watering treatments performed bet-

ter than other watering treatments in reducing AsBR contents
(3/100 watering treatment reduced 58% and 59%, whereas 1/72
watering treatment decreased 58% and 50% brown rice As contents, respectively in ZVIB 6.3 and 9.7 amended soils) in consideration of water usages. But their effects on the reduction
of brown rice Cd concentrations were less efficient (3/100 wa-
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tering treatment increased 157% and decreased 14%, whereas
1/72 watering treatment decreased 24% and 14% brown rice
Cd contents, respectively in ZVIB 6.3 and 9.7 amended soils),
and they decreased the grain yield in both ZVIB amended soils
(3/100 watering treatment decreased 1% and 10%, whereas
1/72 watering treatment decreased 18% and 20% grain yield,
respectively in ZVIB 6.3 and ZVIB 9.7 amended soils) compared
to the CON. Therefore, the above results showed that the 3/72
watering treatment with ZVIB 6.3 amendment was a better
treatment for simultaneous reduction of AsBR and CdBR contents by significantly increasing YieldBR with 15% less usage
of irrigation water.
As mentioned above, half of the global population is receiving calories from rice, however, paddy production needs more
additional water than any other major crops (Carrijo et al.,
2017). Nevertheless, for declining water accessibility in agriculture and rising demand for rice, water using efficiency
should be improved in rice system (Belder et al., 2004).
Yet, water-saving irrigation techniques (alternate wetting and
drying and other dry farming) have not been broadly accepted mainly due to reduced grain yield (Belder et al., 2004;
Bouman et al., 2005; Carrijo et al., 2017), and increased brown
rice Cd load potential in contaminated areas (Atkinson et al.,
2007; Hu et al., 2015; Li et al., 2009). Our results suggested
that even at (15%) less water (than CON) applied in Cd and
As co-contaminated paddy soils, grain yield was improved
whereas simultaneously As and Cd contents were decreased
with ZVIB 6.3 amendment. However, an extensive paddy field
study would be highly recommended for future researches. In
addition, our results showed that, there were combined influences of watering amount and amendment materials’ pH on
the metals(loids) load in brown rice and grain yield. Previously
it was observed that irrigation management could affect lowland paddy rice (Oryza sativa L.) yield for their sensitiveness
to water application regimes (Abdul-Ganiyu et al., 2018). Furthermore, the best soil solution pH for rice plant to uptake
nutrient and grow normally is 5.5 to 6.5 (Alam, 1981). Therefore, there should be in situ and/or field pre-experiment for
each unique paddy soil type before vast agronomic application
of the amendments to identify best combination of amendment materials’ pH and watering amount to reduce the metals(loids) content in brown rice simultaneously by keeping expected grain yield.

3.

Conclusions

Zero-valent iron biochar (ZVIB) with two pH levels and different watering management techniques were employed in
As and Cd co-contaminated paddy soils to explore their possible effects on As and Cd bioavailabilities and grain yield.
The results of the pot study revealed that both ZVIB 6.3 and
ZVIB 9.7 amendments simultaneously reduced As and Cd solubilities and bioavailabilities, and their accumulations in different parts of rice. Under the same watering treatment, reduction of Cd bioavailability was higher in ZVIB 9.7 than in
ZVIB 6.3 amended soil, and the lowest Cd concentration in
rice grains was observed in 3/72 watering treatment (15%
less water than CON) compared to other irrigation management techniques in both ZVIB amended soils. However, for As,

all the watering treatments were insignificant among themselves, and they efficiently (>50%) reduced brown rice As
(AsBR ) concentrations in both ZVIB amended soils relative to
CON. It was observed in the current study that the amendment material pH and watering amount were the most influential factors to reduce the brown rice Cd (CdBR ) loads,
while, total iron content in post-harvested rhizosphere soils
(FePHS ) showed huge impact on the reduction of AsBR accumulations. In addition, more water more yield phenomenon
was observed among the watering treatment excluding CON
in both ZVIB amended soils. And ZVIB 6.3 was more effective in grain production in all the same watering treatments,
while there was risk of losing grain yield for ZVIB 9.7 amendments if appropriate (e.g. 3/72 in our study) watering management technique was not chosen, even though ZVIB 9.7 could
adsorb/immobilize As and Cd more efficiently in paddy soils.
Therefore, the amendment materials’ pH and water management are both crucial controlling factors for As and Cd immobilization and expected grain yield, and the ZVIB 6.3 amended
soil could provide 12% higher yield than untreated CON with
15% less amount of water (than CON) in this study. However, extensive in-situ and paddy field trials are highly recommended for future research to validate observations of current study for the possible variations between pot and field
trials.
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