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Abstract

:

Excess nitrogen (N) caused by straw returning to paddy fields undergoing flooding irrigation deteriorates the water quality. The purpose of this research was to use both simulated field and pot experiments to explore a new approach using zeolite to recycle this excess N. The results from simulated field experiments in stagnant water showed N adsorption with different zeolite applications (25, 50, 75, 100, 125, and 150 g L−1). Pot experiments revealed how straw and reused zeolite applications affected the concentrations of ammonia N (NH4+-N), nitrate N (NO3−-N), total N (TN), and total phosphorus (TP) in the surface water and soil layers of the paddy field. Zeolite showed a strong ability to adsorb NH4+-N in wastewater, even in a simulated drainage ditch (100 g L−1 zeolite adsorbed 74% NH4+-N). The zeolite recycled from the drainage ditch was still able to reduce N concentration caused by straw decomposition in the surface water. Zeolite adsorption reduced the peak values of NH4+-N, TN, and TP by 30%, 19%, and 5%, respectively. Based on these findings and conventional field designs, the use of 20 t ha−1 zeolite in the field is effective for recycling N and P. This research provides a sustainable development method to mitigate the water quality deterioration caused by straw returning to the field.
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1. Introduction


As an agricultural country, China is extremely rich in straw resources, with an annual yield of 800 million t and an average annual growth rate of 1.3% [1]. More than half of the products produced by photosynthesis are stored as straw, which is indispensable in the global energy structure. Therefore, straw is recognized as one of the most important biomass resources worldwide [2,3]. Straw recycling not only provides an effective use for straw, but also reduces air pollution caused by traditional straw burning [4].



There are many forms of straw utilization, such as fuel, fertilizer, and fodder, but straw incorporation is the main form in China [5]. In some farmlands, soil carbon (C), phosphorus (P), and nitrogen (N) of straw returning soil may be 47%, 14%, and 37% higher, respectively, than those of soil without straw [6]. When the straw was buried in the soil for more than 40 days, 70–90% of the added C from the straw was released through microbial respiration as CO2 [7]. Under straw incorporation, soil nutrients such as organic matter, N, P, potassium (K), and trace elements would be increased when the straw degraded [8], which could not only promote the soil material circulation, but also effectively improve the physical [3] and chemical properties of the soil [9]. Moreover, straw combined with chemical fertilizer can also increase the accumulation of soil organic matter and soil fertility [10]. Furthermore, the diversity of soil fungi would be increased, and the degradation of refractory organic carbon could be promoted after long-term straw returning [11,12].



However, there are some negative effects of straw returning. It could increase the emission of greenhouse gases such as methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) [13]. Additionally, excess straw in the soil could result in poor root–soil contact and ultimately affect roots’ taking ability and crop survival [14,15]. Moreover, N, P, K, and organic matter produced by straw decomposition will diffuse with water flow, resulting in non-point source pollution [16]. For example, the decomposition of wheat straw under flooded conditions will aggravate the agricultural non-point source pollution in the Yangtze River agricultural regions, where rice–wheat rotation is the dominant farming system [17,18].



Meanwhile, elements such as N and P, which cause non-point source pollution, are also required nutrients for rice growth. Therefore, determining the optimal balance to recycle the nutrients produced by straw decomposition and the pollutants diffused in the water is also a challenge. The existing chemical recovery methods are cumbersome, costly, and unsuitable for agriculture [19,20,21].



Zeolite is a kind of natural molecular sieve, and is recommended for wastewater treatment because of its good internal pore structure [22] and excellent screening and adsorption properties [23]. These properties give zeolite a larger cation exchange capacity (CEC) than most clay minerals [24]. Because of the high CEC, zeolite can retain ammonium (NH4+), potassium (K+), and other cations selectively, and can even reduce chemical oxygen demand (COD) [25,26,27,28]. These cations can be stored and released depending on crop demand [29,30], and can even decrease seasonal cumulative CH4 emissions. [31] In addition, zeolite can also increase the drought resistance of rice [11], promote corn growth, and improve crop yield [32]. Based on these characteristics, zeolite is not only regarded as a soil amendment for farmlands [33,34,35], but is also used in wastewater purification in drainage ditches [36,37,38].



Previous studies on the effect of zeolite in the field have primarily been separately focused on either wastewater purification or soil amendment [39,40]. There is a scarcity of research studying the use of zeolite to recycle the excess N and P from wastewater discharged from farmland under straw incorporation conditions; moreover, the adsorption of N in the drainage ditch with stagnant water is especially unclear. The purpose of this study is to determine whether zeolite can be used as a tool, first for the sorption of N and P from wastewater, and subsequently as a fertilizer releaser in the paddy field. This study will provide a new method to effectively reduce excess N and P, achieve cleaner production, and allow for sustainable agricultural development.




2. Materials and Methods


2.1. Site Description


The experiments were conducted from July to November 2020, in the Water-Saving Park Facility Agriculture and Environment Test Field of Hohai University (31°54′ N and 118°46′ E), Nanjing, Jiangsu Province, in China. The region is characterized by a subtropical monsoon climate with mean annual temperature, evaporation, and precipitation of 15.4 °C, 900 mm, and 1106.5 mm, respectively, and 237 frost-free days annually. The temperature and precipitation during the growing season are shown in Figure 1. The experimental field soil type is silty, sandy loam. The main soil properties were as follows: total N (TN), 0.83 g kg−1; total P (TP), 0.35 g kg−1; available N, 47.40 mg kg−1; available P, 10.37 mg kg−1; and available K, 90.00 mg kg−1. The natural zeolite used in this experiment was clinoptilolite zeolite produced in Chengde (40°12′ N and 115°54′ E), Hebei Province, China. The physicochemical properties and chemical composition of the zeolite are shown in Table 1.




2.2. Experimental Design and Sampling


This study comprised three experiments (Figure 2). The aim of Experiment 1 was to determine the profitable particle size and application for Experiment 2 by verifying the N adsorption kinetics of zeolite with different particle sizes and applications. The focus of Experiment 2 was primarily to assess the ammonia N (NH4+-N) adsorption effect of zeolite in the drainage ditch as well as the optimum method to modify the zeolite. Finally, based on the results from Experiment 2 and the conventional design standards for drainage engineering of farmland in China, the aim of Experiment 3 was to use pot experiments to verify the ideal scheme for recycling the excess N and P caused by straw incorporation in the paddy field by evaluating the changes in NH4+-N, nitrate N (NO3−-N), TN, and TP in the surface water and various soil solutions.



2.2.1. Experimental Design of N Adsorption Kinetics


Experiment 1 (Figure 2) was divided into two parts: The aim of Part 1 was to determine the profitable particle size to be applied, and the aim of Part 2 was to confirm the profitable application of zeolite for adsorption. The adsorption rate is inversely related to the zeolite size, such that the N adsorption increases as the zeolite particle size decreases [11]. A zeolite powder with particle size <0.5 mm was widely used in the previous wastewater treatment experiment [41]. However, in farmlands, zeolite powder with small particle sizes would be washed away, and, therefore, would be unable to achieve long-term utilization. For these reasons, zeolite with 0.5–5.0 mm particle sizes was selected for testing.



Part 1 was designed with three treatments using different zeolite particle sizes: (i) blank control with no zeolite (CK1), (ii) 0.5–3 mm zeolite (Z3mm), and (iii) 3–5 mm zeolite (Z5mm). Part 2 was subsequently designed with seven treatments using different applications: (i) blank control with no zeolite (CK2), (ii) 25 g L−1 zeolite (Z25), (iii) 50 g L−1 zeolite (Z50), (iv) 75 g L−1 zeolite (Z75), (v) 100 g L−1 zeolite (Z100), (vi) 125 g L−1 zeolite (Z125), and (vii) 150 g L−1 zeolite (Z150). All treatments in both parts were arranged in a completely randomized design with three replicates and placed into 250 mL conical flasks containing 100 mL ammonium chloride (NH4Cl) solution (100 mg L−1) at 25 °C. The pH of the solution was adjusted to 7.0 ± 0.1, and the target pH value of the working solutions were set using a 0.1 M HCl/NaOH solution, which was then agitated at 200 rpm in a shaker at constant temperature. The above suspensions were withdrawn by pipette at 0, 10, 30, 60, 120, 180, 240, and 300 min for determination of the residual NH4+-N concentrations.




2.2.2. Experimental Design of NH4+-N Adsorption in Drainage Ditch Simulations


The experiments (Experiment 2, Figure 2) for simulating the NH4+-N adsorption of different adsorbents in a drainage ditch were conducted in 500 mL beakers containing 400 mL NH4Cl solution (100 mg L−1). Experiment 2 was designed with four groups using different zeolite drying treatments: (i) blank control with no zeolite (CK3), (ii) 40 g heat-dried zeolite (Zd), (iii) 40 g air-dried zeolite (Zad), and (iv) 100 g heat-dried soil with no zeolite (Sd). For the Zd treatment, the zeolite was rinsed with distilled water and dried in the oven at 105 °C. For the Zad treatment, the zeolite was rinsed with distilled water and air-dried. For the Sd treatment, the soil was dried in the oven at 105 °C, crushed, and sieved. There were three replicates for each treatment. The above suspensions were withdrawn by pipette at 0, 1, 8, 21, 60, 108, and 132 h to determine the remaining NH4+-N concentrations.




2.2.3. Pot Experimental Design of Excess N Recycling Using Zeolite


According to Smith [42], zeolite can adsorb or resolve pollutants according to the concentration of solute in the solution. To study the effect of zeolite on paddy field water quality under straw incorporation conditions, Experiment 3 (Figure 2) was designed as a pot experiment with three treatments: (i) no straw returning (CK4), (ii) 7 t ha−1 straw returning (ST), and (iii) 7 t ha−1 straw returning combined with zeolite (SZ). The particle size, application, and treatment of the zeolite were determined by Experiments 1 and 2.



All treatments were arranged in a completely randomized design with three replicates, resulting in a total of nine pots (0.52 m diameter, 0.70 m height). The pots were filled with air-dried soil obtained from the experimental field at 0–20 cm soil depth and divided into five layers. The surface water, soil, and inverted layers were utilized in all treatments. However, the ST treatment included an additional layer—called the “straw incorporation layer”—in which the wheat straw (air-dried and chopped to 4–6 cm length, with TN, TP, and total K of 3.80 g kg−1, 0.66 g kg−1, and 2.07 g kg−1, respectively) was evenly mixed with the surface soil layer (0–20 cm) before the flood period. Furthermore, the SZ treatment also included an additional layer—called the “zeolite layer”—in which the zeolite from Experiment 2 was evenly applied in the water layer before the flood period. Each pot had five hills with three rice seedings per hill. The japonica rice cultivar Nanjing 9108 was sown beginning on 30th May and transplanted on 7th July. The pots were regularly hand-weeded, and pesticides were applied to prevent insect and pest damage. No noticeable crop damage was observed during the experimental period. The management practices for the stages of rice growth were performed according to the local conventional production practices, and traditional flooded irrigation was adopted during the rice growth period. The specific fertilization scheme is shown in Table 2.



For water sample collection, soil solution samplers were embedded in each pot at the 0–10 cm, 10–20 cm, 20–40 cm, and 40–50 cm layers before rice transplanting. Additionally, an inverted layer and a drainpipe were placed at the bottom to simulate leakage (3 mm d−1). Before obtaining soil solution samples, the residual water in the soil solution samplers was drained, and the samplers were evacuated with a vacuum pump. The solution bottle on the vacuum pump was rinsed with distilled water before sampling the next block. Samples were taken every 2 d from the first day after each fertilization, then every 5 or 7 d until the next fertilization. The sampling time was maintained at approximately 8:00 a.m., and each plot contained approximately 50 mL of the soil solution. The collected samples were stored in an ice box and immediately taken back to the laboratory for analysis of NH4+-N, NO3−-N, TN, and TP.





2.3. Analytical Methods


2.3.1. Parameter Analysis


The collected samples were filtered through filter paper for chemical analysis. The NH4+-N content was measured using the Nessler’s reagent colorimetric method, the NO3−-N content was determined by ultraviolet spectrophotometry, and the TN and TP contents were determined by alkaline potassium persulfate digestion ultraviolet spectrophotometry and calorimetry spectrometry [16].




2.3.2. Application Analysis


The application of zeolite was divided into two phases. The first phase took place in the drainage ditch simulation, in which the zeolite was used to adsorb the N, and then the appropriate application of zeolite (mditch) was determined by Experiment 2. The second phase took place in the paddy field. At this stage, the zeolite was recovered from the ditch by crowder, rinsed and dried, and then applied to the fields with basic fertilizer by a fertilizer applicator. Therefore, the application of zeolite (mfield) in the paddy field was determined by the first phase and the drainage engineering layout (Figure 3).



According to the traditional drainage engineering pattern of the Middle-Lower Yangtze Plain in China, an irrigation and drainage pattern with alternating channels was adopted. A drainage ditch and its confluence of fields are regarded as a unit, and the application of zeolite could be calculated as followed:


   m  f i e l d   =    m  d i t c h   × V  A  ,  



(1)






  V = ( a + h × n ) × 2 × h × l ,  



(2)






  A = b × l ,  



(3)




where mfield is the application of zeolite in the paddy field (t ha−1), mditch is the application of zeolite in the drainage ditch (kg L−1), V is the volume of the drainage ditch (m3), A is the cross-sectional area of the drain (m2), a is the bottom width of the ditch (m), h is the depth of the drainage ditch (m), n is the slope of the ditch, and l is the length of each drainage ditch (m).




2.3.3. Statistical Analysis and Calculation


Excel 2021 was used to calculate and analyze the data. The measurement data were expressed as the mean ± standard deviation of three sample replicates. The fitting of the pseudo-first-order kinetic model and the pseudo-second-order model was accomplished using the linear fitting function of OriginPro 2022b.






3. Results


3.1. N Adsorption Kinetics


In Experiment 1, Part 1 (Figure 2), the adsorption kinetic processes of the two zeolite particle sizes revealed that the unit adsorption of various particle sizes steadily increased with reaction time until an adsorption equilibrium was attained (Figure 4A). Furthermore, the adsorption capacity of the 3 mm zeolite was larger than that of the 5 mm zeolite. The adsorption rates of the two zeolites were steadily reduced during the NH4+-N adsorption process. During the initial 200 min, both sizes of zeolites demonstrated rapid adsorption, since many adsorbates were available for adsorption and the initial adsorbate concentration in solution was high. The adsorbate concentration in the liquid membranes on the adsorbent’s outer surface was lower than in the solution. Therefore, the ions were only able to continue moving through the adsorbent and not from the solution to the liquid membrane on the surface of the zeolite. Over time, the adsorption rate decreased as the zeolite gradually became saturated. Therefore, the migration of NH4+ in the solution was promoted to the liquid membrane on the zeolite surface, and further migration only occurred within the adsorbent. In the later stages, the zeolite gradually reached saturation and the adsorption rate was low.



To further explain the adsorption kinetics, two other kinetic models, pseudo-first-order and pseudo-second-order, were employed. The linear forms of these models, with boundary conditions of q = 0 at t = 0 and qe = qt at t = te, are as follows:



The pseudo-first-order kinetic model is expressed in Equation (4):


  ln  (   q e  −  q t   )  = ln  q e  −  k 1  t ,  



(4)




where qe and qt (mg g−1) are the quantities of N adsorbed on adsorbents at equilibrium and contact time t (min), respectively, and k1 is the rate constant of the model (min−1). The values of qe and k1 can be obtained from the slope and intercept of the linear plots of   ln (  q e  −  q t  )   versus t, as shown in Figure 4B.



The pseudo-second-order model is represented as Equation (5):


    t   q t    =  1   k 2   q e 2    +  t   q e      ,   h =  k 2   q e 2  ,   



(5)




where    k 2    (g mg−1·min) is the rate constant for adsorption, and h gives the rate of adsorption (mg g−1 min). Therefore, the values of    k 2    and qe can be obtained from the slope and intercept of the plot t/qt versus t (Figure 4C).



Notably, the determination coefficient R2 values (0.9899, 0.9677) of the pseudo-second-order model are higher than those of the pseudo-first-order model (0.8216, 0.8549), which indicates that the pseudo-second-order kinetic model is more suitable for determining the adsorption of N (Table 3).



The fitness of the intraparticle diffusion model was also assessed using the following Morris–Weber equation with the experimental adsorption kinetic data:


   q t  =  k  d i f    t  0.5   + C ,  



(6)




where    k  dif     is the coefficient of intraparticle diffusion (mg g−1 min0.5).



Adsorption is divided into two processes: surface adsorption of zeolite and slow diffusion of pores. As the fit curve clearly does not pass through the origin (Figure 4D), the intraparticle diffusion is not the only rate-limiting step in the adsorption stage; rather, it includes both the liquid film and the intraparticle diffusion.



The impact of varying applications of zeolite on NH4+-N adsorption at 20 °C was investigated in Experiment 1, Part 2 (Figure 2), using the 3 mm zeolite from the results of Experiment 1, Part 1. Initially, the NH4+-N adsorption rate was shown to be high, followed by a steady decrease (Figure 5). The adsorption of NH4+-N achieved equilibrium at various zeolite concentrations, ranging from 44.29 mg L−1 (25 g L−1 zeolite) to 83.5 mg L−1 (150 g L−1 zeolite), as well as 55.00 mg L−1 (50 g L−1 zeolite), 64.48 mg L−1 (75 g L−1 zeolite), 74.23 mg L−1 (100 g L−1 zeolite), and 80.68 mg L−1 (125 g L−1 zeolite). Generally, the amount of adsorbed NH4+-N increased as the applied zeolite concentration increased. The initial rapid rise in adsorption capacity may have been due to the steep gradient of solute concentration and the fact that the adsorbent surface was fully vacant. However, the adsorption of NH4+-N clearly diminished as the contact duration increased, and this was associated with a reduction in the amount of vacancies on the zeolite surface. Additionally, the repulsive contact between solute molecules in the bulk phase and those on the solid surface make it increasingly challenging to fill the remaining unoccupied surface sites over time.




3.2. NH4+-N Adsorption in Drainage Ditch Simulations Using Zeolite


Based on the results from Experiment 1, 100 g L−1 of 3 mm zeolite was used for subsequent experiments. In Experiment 2 (Figure 2), the changes in NH4+-N adsorption under different zeolite treatments—Zd, Zad, and Sd—are shown in Figure 6. In all three groups, the overall trend of NH4+-N removal was essentially the same over time. The rate of NH4+-N removal initially increased rapidly, subsequently decreased, and ultimately stabilized. The rapid decrease in NH4+-N concentration in the solution in the early stages of the experiment was a result of adsorption and ion exchange. However, the stabilized NH4+-N concentration in later stages was due to the progressive saturation of zeolite and low solution concentration.



In the early stages of the experiment, the NH4+-N removal efficiency for the different treatment groups showed Sd > Zad > Zd, which was due to the dominant role of adsorption at this stage. Because the soil particles were much smaller than the zeolite particles, the NH4+-N removal effect of soil in the early stages was better than that of zeolite. Subsequently, the NH4+-N removal capacity of Sd flattened, while the removal capacity for the Zad and Zd groups remained higher. Once the concentration of NH4+-N around the particles and the concentration of NH4+-N in the solution equalized, the adsorption effect of the soil tended to be balanced until the surface charge of the zeolite flattened. The NH4+-N removal capacity of the Zad group peaked at 79.76 mg L−1 at 60 h and then flattened. Similarly, the Sd group peaked at 60 h at 42.64 mg L−1, but then decreased, because the diffusion rate of solute from the surface of adsorbent was greater than the adsorption rate.



However, the NH4+-N removal capacity of the Zd group continued to increase until 108 h, with a peak of 102.94 mg L−1 and almost complete adsorption. Zd, Zad, and Sd had final removal rates of 96.98%, 74.32%, and 34.78%, respectively. The comparison between Zd and Zad demonstrates that, while the structure and adsorption of zeolite was not greatly changed by calcination during the drying process, the final NH4+-N removal effect of zeolite was improved due to the removal of pore impurities. Therefore, subsequent experiments solely utilized the heat-dried zeolite.




3.3. Paddy Field Water Quality Changes


3.3.1. NH4+-N


Based on the results from Experiment 3 (Figure 2), the changes in surface water and soil NH4+-N concentration were greatly affected by fertilization (Figure 7). On the first day following each fertilization, the NH4+-N levels in the paddy soil reached their peak values at the surface water, 0–10 cm layer, and 10–20 cm layer solutions, followed by a rapid decline. Furthermore, the peak at each fertilization step was higher than the peak from the previous fertilization step. The NH4+-N content tended to flatten from Day 34 to the time of panicle fertilizer application, and then it increased after 29th August.



At each post-fertilization peak in the surface water, 0–10 cm layer, and 10–20 cm layer of the paddy soil solutions, the ST group’s NH4+-N content was greater than that of the CK4 group, indicating that the concentration of NH4+-N in these layers increased after straw returned to the field due to the continued decomposition of straw and the occurrence of nitrification. However, the addition of zeolite improved this result. Although the second fertilization used the most N, the peak value of the third application was twice as high as that of second application. This phenomenon indicated that N was released into the water layer because of the continuous straw decomposition. Additionally, the increased nitrification intensity relative to denitrification intensity was also due to the straw decomposition, which increased oxygen consumption and gradually lowered the amount of dissolved oxygen in the water. Although no additional N was applied, following the third fertilization, the N content of water increased and the NH4+-N content was higher than in the previous treatments.



The NH4+-N contents of the surface water, 0–10 cm layer, and 10–20 cm layer solutions of the SZ group were lower than those of the CK4 and ST groups on the second day following the third fertilization, indicating that the NH4+-N content of the water had been effectively reduced as a result of the zeolite adsorption and ion exchange, which helped to withdraw the excess N from the farmland. Additionally, the NH4+-N contents in the 20–40 cm layer and 40–50 cm layer solutions of the SZ groups were lower than that of the ST group, which indicated that the zeolite could effectively fix the N in the 0–10 cm and 10–20 cm soil layers and reduce N leaching.



After field drying, the NH4+-N concentration marginally increased for all three groups, with the NH4+-N concentration of the SZ group being higher than that of the other two groups. This result illustrated that the NH4+-N in the zeolite began to diffuse outward since the NH4+-N concentration in the field water was lower than that around the zeolite, which is consistent with the findings of the laboratory tests. However, the difference was not immediately apparent, indicating that it would not cause excess N in farmland.




3.3.2. NO3−-N


The changes in NO3−-N concentration in the surface water and paddy soil solutions of each treatment were slightly different than those of NH4+-N (Figure 8). The NO3−-N concentration of each treatment reached its peak in the early stages of re-greening. Since the paddy field had been under flooding conditions for an extended period of time, the dissolved oxygen content was low. Therefore, except for the short period after fertilization, the NO3−-N concentration in the surface water and soil solutions was generally low, far lower than China’s first-level surface water environmental limit of 10 mg L−1. As a result, the NO3−-N concentration in the field water did not exceed the acceptable limit within the appropriate fertilization range.



The peak value of NH4+-N appeared on the first day after fertilization—Days 6, 19, and 30 after the beginning of the experiment—whereas the peak value of NO3−-N appeared on Days 6 and 23, with only a small upward fluctuation on Day 30. The discrepancy in these results is due to the formation of NH4+-N from organic N under the ammonification of ammoniating bacteria. During nitrification, NH4+-N is further converted into NO3−-N and NO2−-N under aerobic conditions. However, NO2−-N cannot be retained as an intermediate product before being converted into NO3−-N. Therefore, this process caused the peak value of NO3−-N to be delayed relative to NH4+-N. On Day 30, the NH4+-N content showed a large peak, whereas the NO3−-N content showed only a minor variation. This finding is due to the continued straw decomposition, which caused the amount of oxygen in the field water and soil solution to gradually decrease. Low oxygen content in the water stimulates denitrification, thereby converting NO3−-N and NO2−-N in the water into NH4+-N. Since the oxygen content in the solution was low on Day 30, at the late stage of decomposition, not only was nitrification prevented from taking place as it should, but denitrification was also caused, thereby converting NO3−-N into NH4+-N.




3.3.3. TN


The trend for TN content was similar to the other indicators; however, its peak appeared on the first day after fertilization (Figure 9), which indicates that the amount of fertilizer applied was the main factor influencing the change in TN in water quality.



Notably, the amount of N applied in the second fertilizer application was almost twice as much as that in the third application; however, the TN in the water did not double, indicating that the straw decomposition added N into the water. As shown by the peak values of the three groups (ST (233.47 mg L−1) > CK4 (206.96 mg L−1) > SZ (158.63 mg L−1)), the addition of zeolite had an effect on the peak value of TN, and its adsorption effect on N caused an even lower peak value than that of the blank control. Meanwhile, the decline rate of TN in the SZ group was much slower after each peak than it was in the other groups, indicating that the zeolite had a strong impact on the balancing and sustained release of N, which are related to the functionality of zeolite itself.



During the later period, the TN of the SZ group showed an obvious upward trend compared with the other groups. This may be due to the lower TN content in water relative to the surface of the zeolite particles causing the N adsorbed by the zeolites to migrate to the water. This finding may also be related to the low concentration of dissolved oxygen in the water, which could lead to anoxic conditions and promote the release of N from the zeolites over time.




3.3.4. TP


The TP was mainly concentrated in the surface water and the 0–10 cm soil solution layer in contact with the straw (Figure 10). The TP concentration reached its maximum after the basic fertilizer application, followed by the reviving fertilizer and the tillering fertilizer applications. This pattern is because soluble P is generated in response to adsorbed P during the transformation of P fertilizer in the soil, which mainly includes the adsorption and precipitation processes. Both processes can rapidly combine P with Fe, Al, and Ca in the soil to form insoluble Fe-P, Al-P, and Ca-P; since the content of organic–inorganic colloidal particles in the surface soil is high, this process has a significant adsorption and fixing impact on P fertilizer. Therefore, it is difficult for TP to transport in the soil solutions. As the P fertilizer was only applied once, the TP content exhibited a sudden increase only after the basic fertilizer application, followed by a decrease and decline in volatility. Therefore, the highest TP value abruptly rose on Day 6, with ST (14.26 mg L−1) > SZ (11.70 mg L−1) > CK4 (9.48 mg L−1) as the combined value for all layers. However, since the zeolite itself had little effect on P removal in the surface water, the differences between the groups with straw were not significant. On Day 28, the TP accumulation value of each group increased sharply, which may be related to the peak value of straw decomposition that day.



The TP concentration of the SZ group decreased more slowly in the surface water than in the other two groups, which may be attributed to the ion exchange property of zeolite. In part, the adsorption of NH4+-N by zeolite was due to the stronger exchange of Al3+ than of NH4+ in zeolite. While NH4+ was adsorbed by the zeolite, Al3+ was released, which led to a higher Al-P content in the SZ group as well as increased TP after each fertilization in the surface water of the SZ group, relative to the other two groups.






4. Discussion


4.1. Adsorption of NH4+-N by Zeolite in the Drainage Ditch


Zeolite has a strong NH4+-N adsorption capacity, and previous research has shown that it can be used to purify wastewater [43]. As the results shown in Figure 4 demonstrate, the adsorption capacity of 3 mm zeolite was larger than that of 5 mm zeolite, which is consistent with previous findings [44]. Additionally, we found the pseudo-second-order kinetic model to be more suitable for determining N adsorption, which is consistent with Zhang’s research [45]. We also found that the initial adsorption was generally rapid when a surface reaction mechanism was involved. Then, as the adsorption quantity decreased, the effective adsorption sites gradually decreased, which is also consistent with previous results [46].



However, as shown in Figure 5, after final equilibrium was reached, it was found that zeolite applications <100 g L−1 differed between groups, with differences in adsorption exceeding 20 mg L−1. Furthermore, the difference in ultimate adsorption capacity shrank to less than 10 mg L−1 between groups, with zeolite applications >100 g L−1. Therefore, 100 g L−1 zeolite was selected as the application value for subsequent tests; furthermore, this application was found to remove 74.23% of NH4+-N in wastewater.



When the concentration of NH4+-N around the particles and the concentration of NH4+-N in the solution reached a balance, the adsorption effect of the soil also equilibrated, allowing the ion exchange ability of zeolite to become important [47] until the zeolite surface charge flattened.




4.2. Effect of Zeolite Reuse on Water Quality under Straw Return Conditions


Existing research on straw return in paddy fields has mainly focused on the physicochemical processes of soil and crop productivity [3]. Straw incorporation represents a viable strategy to improve the subsoil’s physical, chemical, and biological processes, and resulting crop productivity, in wheat–maize rotation systems [9,18]. Additionally, the ability of zeolite to effectively alleviate water quality deterioration, particularly regarding ammonia removal, has been generally confirmed. For example, He et al. [20] showed that ammonia removal in the presence of zeolite was significantly intensified. Moussavi et al. [48] reported that the maximum experimental adsorption capacities of ammonia and humic acid as binary components were 49.7 and 10.5 mg g−1, respectively. Campisi et al. [32] evaluated a water-saving NH4+-charged zeolite (produced by a new prototype) for minimizing NO3−-N leaching from soil. However, there is little research on the coupling of these two methods—straw incorporation combined with zeolite—to influence the water quality in paddy fields. In this study, the application of 20 t ha−1 zeolite reduced the peak NH4+-N concentration in the paddy field by 30%, the TN concentration by 19%, and the TP concentration by 5%, which is consistent with these published studies. Nevertheless, this study found that at the lowest N and P concentrations in the CK4 and ST groups, the N and P concentrations in the SZ group slightly increased. This result may be ascribed to the NH4+-N desorption capacity of zeolite [21]. Since the concentration of NH4+-N in the surface water was lower than that in the liquid membranes on the zeolite’s outer surface, the ions desorbed from zeolite to the solution. This phenomenon also explains why zeolite can increase the grain of a crop even while it adsorbs the N and P. Sun et al. [34] found that the zeolite amendment significantly increased the highest and final tiller number, with no effect on the ineffective tiller number. However, Wang et al. [8] found that P removal rates of zeolite-amended soil have a weak interception capacity of runoff P pollutant, which is contrary to the results of this study.




4.3. Suitable Zeolite Application


Based on the results from Experiment 1 and Experiment 2, a recommended application of 100 g L−1 of zeolite can be utilized in the drainage ditch to reduce excess N, even with stagnant water. According to the Chinese “Design Standards for Irrigation and Drainage Engineering,” the depth of the final fixed drains should be 1.3–1.5 m, with a distance between drains in light loam and sandy loam of 70–100 m (Figure 3). To control the farmland water table, the drainage water level of the drainage ditch should be lower than the depth of the groundwater required by the farmland, and generally not less than 1–1.5 m from the surface. To ensure the drainage capacity, the designed hydrology of the drainage ditch should be no less than 0.2 m below the surface. Therefore, the drainage ditch depth was set at 1.5 m, its bottom section size at 0.5 m, and its slope at 1:1. Based on our calculations, the application of zeolite to the field in the SZ group of Experiment 3 was approximately 20 t ha−1, because the maximum capacity of the drainage ditch was 180 cm3. According to the results of Experiment 3, 20 t ha−1 zeolite reduced excess N in paddy fields caused by straw incorporation and then released it as needed, confirming that zeolite can be used to recycle N and P.





5. Conclusions


This study supports the argument that zeolite can be used to alleviate excess N caused by straw returning to the field, as well as to recycle N and P. In summary, this study has demonstrated the following:




	(i)

	
A quantity of 100 g L−1 of 3 mm heat-dried zeolite is appropriate for treating water in the drainage ditch, removing 74.23% of NH4+-N.




	(ii)

	
Straw returning releases more N and P than it returns to the field. Zeolite adsorbs N and P to improve water quality during straw decomposition, then gradually releases them for reuse. The peak NH4+-N, TN, and TP values in the group with zeolite decreased by 30%, 19%, and 5%, respectively, relative to straw returning without zeolite.




	(iii)

	
Combining all experimental results with conventional field layouts, 20 t ha−1 zeolite is the ideal application for recycling N and P.









These findings suggest that reusing zeolite can not only alleviate excess N, but can also recycle N and P for improved crop growth. This study provides a new and more economical scheme for alleviating the pollution caused by straw returning. However, the limitations of this study design include the use of indoor simulations and pot experiments. Therefore, future experiments should expand this study to detect soil and physiological growth indicators.
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Figure 1. Temperature and precipitation of the test field during the growing season. 






Figure 1. Temperature and precipitation of the test field during the growing season.



[image: Agronomy 13 00327 g001]







[image: Agronomy 13 00327 g002 550] 





Figure 2. A schematic diagram of the experimental treatments. 
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Figure 3. The traditional drainage engineering layout of the paddy field. 
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Figure 4. Nitrogen (N) adsorption kinetics in a drainage ditch simulation using two particle sizes of zeolite. (A) N adsorption over time. (B) Pseudo-first-order kinetic model and (C) pseudo-second-order kinetic model of N adsorption on zeolite. Red circles indicate 5 mm zeolite particles; black squares indicate 3 mm zeolite particles. (D) Fitness of the intraparticle diffusion model using the Morris–Weber equation. 
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Figure 5. Nitrogen (N) adsorption curves of different applications of zeolite in a drainage ditch simulation. The ammonia N (NH4+-N) adsorption rate was measured over time with 25, 50, 75, 100, 125, or 150 g L−1 zeolite. 
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Figure 6. Nitrogen adsorption kinetics with three zeolite treatment groups. Black squares indicate heat-dried zeolite (Zd); red circles indicate air-dried zeolite (Zad); blue triangles indicate heat-dried soil without zeolite (Sd). 
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Figure 7. Dynamic changes in ammonia nitrogen (NH4+-N) concentration in different layers (in cm) of surface water and soil solutions under different treatments. Black squares indicate no straw returning (CK4); red circles indicate straw returning (ST); blue triangles indicate straw returning with zeolite (SZ). Different fertilizer treatments are indicated by black arrows. 
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Figure 8. Dynamic changes in nitrate nitrogen (NO3−-N) concentration in different layers (in cm) of surface water and soil solutions under different treatments. Black squares indicate no straw returning (CK4); red circles indicate straw returning (ST); blue triangles indicate straw returning with zeolite (SZ). Different fertilizer treatments are indicated by black arrows. 
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Figure 9. Dynamic changes in total nitrogen (TN) concentration in different layers of surface water and soil solutions under different treatments. (Top left panel) shows the no straw returning group (CK4); (top right panel) shows the straw returning group (ST); (bottom left panel) shows the straw returning with zeolite group (SZ). Different fertilizer treatments are indicated by black arrows. 
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Figure 10. Dynamic changes in total phosphorous (TP) concentration in different layers of surface water and soil solutions under different treatments. (Top left panel) shows the no straw returning group (CK4); (top right panel) shows the straw returning group (ST); (bottom left panel) shows the straw returning with zeolite group (SZ). Different fertilizer treatments are indicated by black arrows. 
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Table 1. Chemical composition of the clinoptilolite zeolite.
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	Component
	
	Component
	





	Al2O3 (%)
	13.39
	Na2O (%)
	1.25



	SiO2 (%)
	68.30
	K2O (%)
	2.92



	Fe2O3 (%)
	1.06
	MgO (%)
	0.71



	Cao (%)
	3.42
	TiO2 (%)
	0.20



	CEC (cmol + kg−1)
	140
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Table 2. Types and amounts of fertilizer applied in the different growth periods.
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	Fertilizer
	Type
	Date
	Application

(kg/ha)





	Basic fertilizer
	Compound fertilizer

(mineral and solid)

N: P2O5: K2O = 15%: 15%: 15%
	7th July
	300



	Reviving fertilizer
	Urea (mineral and solid): N ≧ 46.4%
	20th July
	150



	Tillering fertilizer
	Urea (mineral and solid): N ≧ 46.4%
	31st July
	75



	Panicle fertilizer
	Urea (mineral and solid): N ≧ 46.4%
	29th August
	150
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Table 3. Adsorption kinetic parameters of nitrogen onto zeolite.
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Size

(mm)

	
Pseudo-First-Order Model

	
Pseudo-Second-Order Model




	
     q e     

   ( mg    g  − 1   )   

	
    k 1    

(min)

	
R2

	
    q e    

(mg g−1)

	
    k 2    

(g mg−1 min)

	
R2

	
h

(mg g−1 min)






	
0.5–3

	
3.37

	
0.0175

	
0.8216

	
3.64

	
0.0076

	
0.9899

	
0.1016




	
3–5

	
2.77

	
0.0095

	
0.8549

	
3.26

	
0.0042

	
0.9677

	
0.0454
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