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Abstract

:

At present, the nutrient solution of soilless culture is mostly configured by simply using the standard fertilizer formula, lacking the precise matching technology of nutrient solutions based on nutrient elements. It is unable to change the formula configuration according to vegetable types, different growth stages and growth needs, especially in the secondary fertilizer reuse of nutrient solution reflux. In order to make precise secondary fertilization, a model and system for secondary fertilization of nutrient solution residual liquid were established in this paper. It can be used for secondary fertilization based on nutrient ions and reused after the sterilization of the residual liquid. A nutrient solution fertilizer system based on nutrient elements was designed. The nutrient solution fertilizer system based on the online detection of ions was determined with different element compounds as the fertilizer unit. Combined with the existing hydroponic water-soluble inorganic salts, the ion concentration and its proportioning quantitative model of the nutrient solution recovery solution were established. The experimental verification and result analysis of the fertilizer model were carried out to test the accuracy and practicability of the established model. The ion concentration error obtained from the mathematical model was established as 0.0093–0.5294    mg ·  L  − 1    .The precise proportioning technology of nutrient solution based on nutrient elements can realize the precise and intelligent proportioning of nutrient elements in the nutrient solution of crops and can also make full use of the nutrient solution. It also improves the efficiency of greenhouse cultivation.
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1. Introduction


Although research on the mixed fertilizer system exists, a precise fertilizer mixing method based on the recycled liquid has not yet been developed. The absorption of different elements by plants is different [1]. Precise fertilizer mixing can adjust the elements according to the actual needs of plants. In terms of precision irrigation and fertilization equipment, the Nutriflex series products of Netherlands and the Fertimix series products of Israel have accurate fertilizer distribution and stable performance but are expensive. To make irrigation convenient, an intelligent integrated irrigation system for water and fertilizer was designed in this paper. It includes a human–machine interface, pump, solenoid valve, peristaltic pump, conductivity, and pH sensor, Raman probe and control cabinet [2]. To improve the performance of the fertilization system controlled by the conductivity value of the nutrient solution in greenhouse irrigation, two new control algorithms based on fuzzy proportion, integral and differential (PID), an algorithm to calculate the control quantity by using proportion, integral and differential, was developed [3]. To provide improved nutrient content and mineral bioavailability, and correlate electrical signals with leaf gas exchange, a fertilization scheme based on smart nutrients was developed [4]. In terms of precise control and decision-making for water and fertilization, the experience and data of fertilization of experts was drawn upon. Web crawler technology was used to establish the irrigation, fertilization decision-making model, and analysis method [5]. There are some other ways to suggest required fertilizer, such as the Mamdani fuzzy logic tool based on minerals contained in soil [6]. To make full use of nutrient liquid return, a two-level cascade cultivation system was used according to the difference of nutrient elements required by two-level crops [7].



There is still a lack of precise fertilizer compounding methods for different crops and different growth stages, especially for the secondary utilization of nutrient solution. After verification of the expert system, the secondary utilization of the nutrient solution return liquid has great economic effects [8]. A Bayesian belief network including numerical and expert knowledge was used to model and evaluate the secondary water and fertilizer utilization system. Results concluded that the water and fertilizer secondary utilization system can fully balance the relationship between economy and ecology [9]. An intelligent IoT hydroponics system based on a deep neural network was developed using a prototype of tomato plant growth as an example [10]. A mathematical model was established to calculate the optimal ratio of N, P, K and Ca in the nutrient solution, which can promote high yield and high quality of tomato [11]. The content mentioned above is research related to this question done by other scholars.



In this paper, a secondary fertilizer mixing device and its mathematical model for precise fertilizer mixing were established. The device can accurately recover and utilize the returned nutrient solution, so as to improve the utilization rate of nutrient solution and reduce the cost of hydroponic cultivation. The main cost of secondary fertilization is the cost of nutrient fertilizer required for fertilization, which can be understood as the cost of irrigation. Therefore, through evaluation, the cost of secondary fertilization is far less than the waste of fertilizer solution. In this paper, a fertilizer preparation device based on nutrient elements in nutrient solution reflux was proposed, including an ion detection device for nutrient solution reflux, a control device for adding amount of fertilizer raw materials, and a detection device for nutrient elements in nutrient solution after fertilizer preparation. A calculation method (mathematical model) for the secondary fertilization of nutrient solution reflux was proposed. The proposed fertilizer mixing device and mathematical model were designed to recycle the nutrient liquid reflux in the hydroponics system, conduct secondary fertilizer mixing and reuse it in plant cultivation. Experiments were carried out to verify the accuracy of the secondary fertilizer distribution device and the mathematical model. The residual liquid of the nutrient solution after recovery and disinfection can be used for secondary fertilization, so as to realize the function of supplementing the elements required by crops in a certain proportion and maintain the proper pH value and EC (index of salt concentration of solution) value. The model proposed in this paper can be applied to the hydroponic nutrient solution circulation system in modern large-scale glass greenhouse intelligent production systems to improve the performance of the system.




2. Materials and Methods


2.1. Water and Fertilizer Integration Operation Process


The integrated water and fertilizer technology integrates irrigation and fertilization. The flow of the existing common fertilizer system is shown as Figure 1.



The operation process of the existing domestic water and fertilizer integrated fertilizer system is to prepare the AB mother liquor and acid firstly (The A mother liquor takes calcium salt as the center, and any salt that does not react with calcium and produce precipitation can be put together. The B mother liquor takes phosphate as the center, and anything that does not precipitate with phosphate can be put together. Nutrient solution can be obtained by preparing mother liquor A and B. A mother liquor and B mother liquor are collectively referred to as AB mother liquor). The liquid storage tank to concentrate the nutrient solution was prepared with 100–1000 times mother liquor for storage, and clear water and nitric acid were mixed to form a nitric acid solution for storage. The nitric acid was added to clean water for acidification to form acid solution for storage. In the process of using the system, the AB mother liquor was diluted and stirred according to a certain proportion, and then the fertilizer was mixed together with acid in the mixing tank, the clean water was added to the appropriate EC value (The optimal EC value of different crops is different, and the EC value of 1.5   mS ·   cm   − 1     is relatively safe for most crops), and finally, the pH was fine-tuned. The mixed fertilizer was injected into the irrigation liquid tank for preservation. In order to stably add acid solution to the fertilizer compounding system to the required pH dose, a metering pump was used to precisely control the liquid extraction flow, and the highest accuracy was within 1%. In the process of use, the irrigation liquid was controlled by the automatic control system for fertilization, and the remaining fertilizer liquid was filtered and collected to form the residual liquid. The disadvantage of this system is that the content of a single ion cannot be adjusted to meet the controls in terms of quality and taste in vegetable production [12].




2.2. Structure of Multi-Element Fertilizer Compounding System


Taking the existing fertilizer system as the basic model, a multi-element fertilizer system was experimentally designed on this basis.



In the innovative design of the original water and fertilizer integration system, the fertilizer compounding process and pH control was stabilized by first acidifying the residual liquid in the system after disinfection treatment, after adding suitable trace element concentrate, and element ion detection was carried out and used as the initial value of the system. Because the residual liquid of the system is a polyionic solution, the water-soluble concentrated liquid of different element compounds was stored as an independent unit, and the fertilizer compounding process was mixed with the residual liquid according to the calculated value of the system model. After adding water to the volume, the pH was adjusted, and finally the EC value was detected to complete the secondary fertilization of the remaining liquid [13]. Figure 2 is the working process flow chart of the nutrient solution fertilizer compounding system based on nutrient elements.



In Figure 3, the acidified residual liquor was stored in the residual liquor tank. Then, the detection of loop ions was carried out. The electric gate valve was represented by M, electric control proportional valve was represented by E. Fertilizers 1–7 are NH4NO3, KH2PO4, K2SO4, KNO3, Ca(NO3)2 (  N  O 3 −    represents the nitrate ion), CaCl2 and MgSO4, respectively. Acid 1, acid 2, acid 3 and base are H3PO4, H2SO4, HNO3 and NaOH, respectively. An ion sensor was used to detect ion content, the potentiometric sensor was used to measure EC value, and pH sensor was used to measure pH values. The amount of fertilizer was controlled by an electronically controlled proportional valve, that is, the ratio of fertilizers with different elements was carried out under the indicators of ion concentrations and EC value.




2.3. Establishment of the Model of Secondary Fertilization with Nutrient Ion in Residual Liquid


Plants are selective in the absorption of mineral elements. The ion absorption of different elements by the root system is not proportional to the ion concentration of the traditional nutritional formula solution, and the anions and cations of salts of the same element are not absorbed into the plant body in the same proportion. Therefore, the composition and pH of the nutrient solution gradually changed with this difference in the absorption of anions and cations.



After recycling and sterilizing the residual liquid of nutrient solution, secondary fertilization was carried out to supplement the elements required by crops in a certain proportion and maintain the proper pH value and EC value. The structure of the nutrient solution fertilizer system was established, and the secondary fertilizer model of the residual nutrient ions was established. The overall solution process is shown as Figure 4.




2.4. Selection of Water-Soluble Inorganic Salts and Definition of Solution Variables


The secondary formula of the residual liquid after disinfection is to remove the existing ions in the residual liquid based on the concentration of each ion in the standard solution. The main elements of fertilizer composition were solved and detected as nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P), sulfur (S) 6 main elements, as well as EC and pH. The overall usage of water-soluble inorganic fertilizers is as follows:




	
N (nitrogen source): Urea, NH4H2PO4, Ca(NO3)2, NH4NO3—main, KNO3, (NH4)2SO4, NH4Cl—auxiliary;



	
P (phosphorus source): KH2PO4, diammonium phosphate (DAP), NH4H2PO4, H3PO4;



	
K: KH2PO4—main, KNO3—auxiliary;



	
Ca: Ca (NO3)2, CaCl2;



	
Mg: MgSO4;



	
S: Sulfate.








Table 1 lists the fertilizers and solution variables defined by the model.



In Table 1,    a 0   ,    b 0   ,    c 0   ,    d 0   ,    e 0   ,    f 0   ,    k   is the molar mass of   N  H 4 +   ,   P  O 4  3 −    ,    K +   ,     C a   2 +    ,   M  g  2 +    ,   S  O 4  2 −    , and   N  O 3 −    respectively;



For nitrogen fertilizer,   N  H 4 +    and   N  O 3 −    is mainly introduced. Phosphorus is mainly introduced into   P  O 4  3 −    , and too much phosphorus in the fertilizer solution can lead to magnesium and iron deficiencies in plants. Potassium is mainly introduced into    K +   , plants absorb    K +    faster, but excessive potassium will affect the absorption of calcium, magnesium, and manganese.   C  a  2 +     is difficult to move in plants but is a necessary microelement. MgSO4, CuSO4 and ZnSO4 used in the nutrient solution solve the supply problem of sulfur and corresponding trace elements at the same time. Chelated iron was used to solve the supply of iron.



The designed mathematical model is only for the model calculation of the main elements, and the water-soluble inorganic salts used in the fertilizer formulation are NH4NO3, KH2PO4, K2SO4, KNO3, Ca (NO3)2, CaCl2, MgSO4. Use H3PO4, H2SO4, HNO3 and NaOH for final adjustments.



Define the solution variables for each fertilizer as    x 1   ,    x 2   ,    x 3   ,    x 4   ,    x 5   ,    x 11   ,    x 6   ,    x  10    ,    x 7   ,    x 8   , and    x 9   . Restricted initial conditions:    x 1   …   x  11     are all non-negative. For the six main elements of nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P), and sulfur (S), the ion contents corresponding to these six main elements in the nutrient solution are respectively for A, B, C, D, E, F. The contents of the corresponding ions of these 6 main elements in the recovered liquid are a, b, c, d, e, f respectively. As shown in Table 1, the amounts of inorganic salts to be supplemented are A-a, B-b, C-c, D-d, E-e, F-f, respectively.




2.5. Solving the Model of Fertilizer with Nutrient Ion in Residual Liquid


When mixing and dissolving fertilizers, the order should be paid attention to strictly. The   C  a  2 +     should be separated from   S  O 4  2 −    ,   P  O 4  3 −    . It means that Ca (NO3)2, CaCl2 cannot be mixed with several fertilizers other than potassium nitrate, such as magnesium sulfate and other sulfates, dihydrogen phosphate ammonium, etc. In order to avoid calcium precipitation. The mixing sequence can set the time difference Ti.



Restricted initial conditions:    x 1   …   x  11     are all non-negative.



Determine the detection target ion:   N  H 4 +  , N  O 3 −  ,  K +  , P  O 4  3 −   , C  a  2 +   , M  g  2 +   , S  O 4  2 −    



Set nitrogen fertilizer according to demand     N  H 4 +    N  O 3 −    =  1 i   , the value of i is determined according to the ionic formula.



	1.

	
Determine the amount of   N  H 4 +   







Set the water-soluble inorganic salt NH4NO3 according to the demand     N  H 4 +    N  O 3 −    =  1 i    (mass ratio). The value of i is determined according to the ion formula. The   N  O 3 −    required by crops is greater than   N  H 4 +   , and some   N  O 3 −    has been introduced into the nutrient solution, so it can be guaranteed that   N  O 3 −    is greater than   N  H 4 +   .



Since the value of i can be determined according to the ion formula, the value of    x 1    can be determined by Formula (1), that is, the amount of   N  H 4 +    is determined.


   x 1   a 0  =   A − a   i + 1    



(1)







	2.

	
Determine the amount of   C  a  2 +    







If   (  x 1  + 2  x 5  ) k <    (  A − a  )  i   i + 1    , it means that the amount of   N  O 3 −    is insufficient, and Ca(NO3)2 can be added continuously, so that    x  11   = 0  , and    x 5    is determined by Formula (2). The values of    x 5    and    x  11     are determined, that is, the amount of   C  a  2 +     is determined.


   x 5   d 0  = D − d  



(2)







If   (  x 1  + 2  x 5  ) k >    (  A − a  )  i   i + 1    , it means that the amount of   N  O 3 −    is sufficient, then the values of    x 5    and    x  11     are determined according to Formulas (3) and (4), that is, the amount of   C  a  2 +     is determined.


  (  x 1  + 2  x 5  ) a =    (  A − a  )  i   i + 1    



(3)






   x 5   d 0  +  x  11    d 0  = D − d  



(4)







	3.

	
Determine the amount of   M  g  2 +    







The value of    x 6    is determined by Formula (5), that is, the amount of   M  g  2 +     is determined.


   x 6   e 0  = E − e  



(5)







	4.

	
Determine the amount of   P  O 4  3 −    







Start by determining KH2PO4 (   x 2   ), without considering K2SO4 and KNO3, so set    x 3  ,  x 4  = 0  , If:     B − b    b 0    >   C − c    c 0     , more   P  O 4  3 −     is required, and    K +    with smaller demand is satisfied firstly. The formulas are shown in Formulas (6) and (7). At this time    x  10   ≠ 0  , obtain    x 2  ,  x  10    ; If:     B − b    b 0    <   C − c    c 0     , required    K +    more, then make    x  10   = 0  , and obtain the value of    x 2    according to Formula (7).


   x 2   c 0  + 2  x 3   c 0  +  x 4   c 0  = C − c  



(6)






   x 2   b 0  +  x  10    b 0  = B − b  



(7)







	5.

	
Determine the value of    x 3  ,  x 4  ,  x 7  ,  x 8    to determine the amount of    K +   ,   N  O 3 −   







Continue to supplement    K +  , S  O 4  2 −     and   N  O 3 −   , the variables    x 1  ,  x 2  ,  x 5  ,  x 6    have been obtained in the above model solution, and    x 3  ,  x 4  ,  x 7  ,  x 8    are obtained from Formulas (8)–(10).


   x 2   c 0  + 2  x 3   c 0  +  x 4   c 0  = C − c  



(8)






   x 6   f 0  +  x 3   f 0  +  x 7   f 0  = F − f  



(9)






   x 1  k +  x 4  k + 2  x 5  k +  x 8  k = A − a  



(10)







Formulas (8)–(10) can be simplified as Formulas (11)–(13).


  2  x 3  +  x 4  =   C − c    c 0     



(11)






   x 3  +  x 7  =   F − f    f 0     



(12)






   x 4  +  x 8  =   A − a  k   



(13)







In Formulas (11)–(13),    x 7  ,  x 8    represent H2SO4 and HNO3 respectively, only the effective element ions   S  O 4  2 −     and   N  O 3 −    are introduced as adjustment variables, and all variables in the formula are non-negative.



	6.

	
Determine the amount of   S  O 4  2 −    







Optimized for model in step (5): If    x 6  >   F − f    f 0     , supplemented   S  O 4  2 −     greater than required, then   S  O 4  2 −     surplus,    x 3  ,  x 7    = 0; If     C − c    c 0      >     A − a  k   , i.e., the required K is more than N, make    x 4     =         A  − a  k      <       C − c    c 0     , and make    x  8      = 0,   2  x 3  +  x 4  =   C − c    c 0     , then the    x 3    value is valid; If     C − c    c 0        <     A − a  k   , i.e., the required N is more than K, make    x 4     =      C − c    c 0      <     A − a  k  ,  x 3    = 0,    x 4  +  x 8  =   A − a  k   , then the value of    x 8    is valid. Determine   S  O 4  2 −     according to Formulas (14) and (15), and    x 7  ≥ 0  ; The amount of   S  O 4  2 −     is:    x 6   f 0  +  x 3   f 0  +  x 7   f 0   .


   x 6   f 0  +  x 3   f 0  +  x 7   f 0  ≥ F − f  



(14)






   x 7  =  {  m i n  x 7  |  x 7   f 0  −  x 6   f 0  −  x 3   f 0   }   



(15)







To sum up, the solution process proposed in this paper is shown as Figure 5, which can be solved through MATLAB. The model was solved in this paper, and the accuracy of the results was verified by experiments (see results and discussion section).




2.6. Preparation and Detection Method of Nutrient Solution Stock Solution and Recovery Solution


A Beijing Tianshi T6 New Century Ultraviolet Photometer was used to measure the concentration of each element in the nutrient solution before and after compounding to verify the accuracy of the model. The repeated tests were set up in strict accordance with the requirements of the instructions to ensure that the test results meet the requirements (six repeating groups). The plant used in this study is leaf-eating grass. Plant samples were provided by Jiangsu Lvgang Modern Agricultural Development Company Limited (Suqian City, China). The sampling site of nutrient solution and reflux solution are shown as Figure 6.



The remaining liquid was sampled from 14:00 to 16:00, a test sample was taken every 1 h, each sample was 1500 mL. The hydroponic nutrient solution of Foliage was selected from the formula of Lugang’s self-developed tomato, and 300 mL of three groups of nutrient solution stock solutions were taken every 1 h. The same group of test beds were selected for sampling. The 300 mL of the obtained residual liquid samples was separated from the three groups and sent together with the original solution for testing.



The nutrient ion detection test site is located in the modern agricultural industrial park of Sucheng District, Suqian City, Jiangsu Province. The test objects are the value of   N  H 4 +  , N  O 3 −  ,  K +  , P  O 4  3 −   , C  a  2 +   , M  g  2 +   , S  O 4  2 −    , EC and pH. Among them, the detection of   N  H 4 +  , N  O 3 −    and   P  O 4  3 −     is colorimetry (UV-Vis spectrophotometer). The detection of    K +  , C  a  2 +     and   M  g  2 +     was Atomic Absorption Method (Atomic Absorption Spectrophotometer), the turbidimetry was used to detect   S  O 4  2 −     (The manufacturer of the UV-Vis spectrophotometer and Atomic Absorption Spectrophotometer: Beijing General Instrument Limited Liability Company, Beijing, China). A conductivity meter was used to detect the value of EC. The pH value was detected with an acidity meter. Other ions such as iron, zinc, copper, manganese and sodium were detected using atomic absorption, boron was detected using colorimetry, and chloride was detected using a chloride ion concentration meter. Figure 7 is a diagram of a universal UV-Vis spectrophotometer and a sample to be tested.





3. Results and Discussion


3.1. Verification of the Model System of Secondary Fertilizer Compounding with Nutrient Ions in Residual Liquid


The sampling location was in the large-scale greenhouse test base of Jiangsu Lvgang Modern Agriculture Development Co., Ltd. in Suqian City. The nutrient solution in this paper is used for leaf eating grass (alias: albumen grass, amino acid grass, perennial perennial herb, Rumex of Polygonaceae).



As shown in Table 2, it can be seen from the test that the EC value of the nutrient solution and the residual solution of the nutrient solution of the hydroponic system in the hydroponic system of the leaf-eating grass cultivation bed did not change significantly. The overall pH value showed an upward trend. The   N  H 4 +    in the nutrient elements was almost completely consumed, the contents of nitrate nitrogen and calcium decreased significantly, and the contents of other elements ions decreased in varying degrees.



The model variables were calculated according to the test results in Table 2. The model unit used in this test is mmol. The difference between the content of the original solution and the remaining solution of different element ions in each group is the amount of element ions to be supplemented (mg). The model variables were converted by the following relationship.


   {      M  (  A − a  )  = M  (  N  H 4 +   )        M  (  B − b  )  = M  (  P  O 4  3 −    )        M  (  C − c  )  = M  (   K +   )                 {      M  (  D − d  )  = M  (  C  a  2 +    )        M  (  E − e  )  = M  (  M  g  2 +    )        M  (  F − f  )  = M  (  S  O 4  2 −    )         











That is, the total moles of the supplemented variables are equal to the moles of the corresponding element ions, as shown in Table 3 below.



The three groups of supplementary variable values in Table 3 were input into the MATLAB secondary fertilizer model for solution (mol), and the solution results are shown in Table 4.



The above-mentioned sealed residual liquid was fertilized according to Table 4. Pure ammonium nitrate is a white crystalline powder, which is flammable and explosive. It often exists in the form of compound fertilizer calcium ammonium nitrate in fertilizer production. Therefore, ammonium sulfate was used instead to verify the ammonium ion concentration in the compound fertilizer experiment. The chemical reagents from Sinopharm Group were used for fertilizer verification. The inorganic salt reagents and acid-base solutions used were: ammonium sulfate (≥99.0%), potassium dihydrogen phosphate (≥99.5%), potassium sulfate (≥99.0%), nitric acid Potassium (≥98.5%), calcium chloride anhydrous (≥96.0%), calcium nitrate 4 hydrate (≥98.0%), magnesium sulfate 7 hydrate (≥99.0%), 1   mol ·  L  − 1     titrated phosphoric acid solution, 1   mol ·  L  − 1     diluted sulfuric acid standard solution, 1   mol ·  L  − 1     laboratory titration nitric acid solution and 1   mol ·  L  − 1     sodium hydroxide solution.




3.2. Analysis of the Terification Results of the Secondary Fertilization Model of Residual Liquid Nutrient Ions


In the modern agricultural industrial park of Sucheng District, Suqian City, Jiangsu Province, the nutrient ion detection of compound fertilizer samples was carried out, and the detection method was the same as that in Section 3.1. Since ammonium sulfate was used instead of ammonium nitrate in the compound fertilizer, some S elements were introduced, so the S content of the part introduced by using ammonium sulfate after detection needs to be removed. The final test results are shown in Table 5.



Figure 8 is the error diagram of the second fertilization test of the nutrient solution remaining liquid. Figure 8a is the standard error of the fertilizer test result relative to the original solution. The standard error reflects the difference between the nutrient solution original solution variable and the fertilizer solution variable and the original solution variable. Figure 8b is the difference between the nutrient solution stock solution variable and the formulated fertilizer solution variable after fertilization. The three groups of test results more accurately reflect the difference between the nutrient elements, EC and pH values detected in the fertilizer solution after the second fertilizer formulation, and the detection value of the nutrient solution. Among them, the maximum relative error was −0.5294    mg ·  L  − 1     (  P  O 4  3 −    ), and the minimum relative error was 0.0093   mg ·  L  − 1     (  M  g  2 +    ). The minimum change of EC value in group 1 was 0.02   mS ·   cm   − 1    , and the maximum change in group 3 was −0.32   mS ·   cm   − 1    . The change of pH value in group 1 was the smallest of 0.1, the largest change in group 3 was −0.48. The maximum error of nutrient element S element was −12.7 mg, and the minimum error of ammonium nitrogen was −0.31 mg.




3.3. Discussion on the Application Effect of the Secondary Fertilization Model


At present, nutrient solutions for hydroponics are mainly prepared according to the standard formula, and the utilization rate of the nutrient solution reflux is low. If the ion content in the returned nutrient solution can be detected and used as the basis for ion supplement in the nutrient solution during the recovery and reuse of the returned nutrient solution, the nutrient solution composition after secondary fertilization can be closer to the standard nutrient solution composition that suitable for plant absorption [14]. The utilization rate of the nutrient solution can be improved through the effective utilization of water and nutrient components in the nutrient solution recovery solution through precise fertilization [15,16]. In this paper, in order to improve the utilization rate of nutrient solution return in hydroponics, a device and mathematical model for secondary fertilizer preparation of nutrient solution return were established, and the nutrient solution return was configured according to the secondary fertilizer preparation model. It was found that the secondary fertilizer preparation of nutrient solution return according to the model established in this paper will improve the utilization rate of nutrient solution return [17].



The results of the secondary fertilization test of the nutrient ions in the residual solution showed that the nutrient elements, EC and pH values detected in the fertilizer solution after the secondary fertilization had a high degree of fit with the detected values of the nutrient solution. The ion concentration error obtained from the secondary fertilization of nutrient solution return solution with the secondary fertilization device and mathematical model established in this paper is 0.0093–0.5294   mg ·  L  − 1    , which is a small probability error. The precision of nutrient element control was higher than that of fertilization systems at home and abroad that only rely on compound element fertilizers or A and B fertilizers as mixed fertilizer methods, use EC and pH detection as the final control methods [18,19,20,21,22,23]. It is convenient and accurate to use the device and mathematical model established in this paper for fertilizer allocation. The Research Institute has established the secondary fertilizer mixing model of nutrient solution residue. The solid inorganic salt fertilizer used in the research is often introduced with some impurity ions due to the influence of the purity of the product itself. In view of the instability of the solution and the reduction of the model calculation error, further optimization methods are needed to optimize the matrix model solution



The results of the above secondary fertilizer allocation model of residual nutrient ions show that fertilizer allocation with high precision can be achieved according to the solution model of inorganic nutrient elements. Moreover, the fertilizer blending model based on nutrient ions can not only realize the secondary utilization of the greenhouse hydroponic solution, but also realize the multi-way fertilizer blending based on water-soluble inorganic fertilizers according to the element ions required by plants in different growth stages. The secondary fertilizer mixing device and mathematical model designed in this paper can effectively improve the utilization rate of nutrient solution in hydroponics system and reduce the material consumption of hydroponics planting.





4. Conclusions


(1) In this paper, a secondary fertilizer compounding device, mathematical model and method based on nutrient ions were established, and the principle and structure of the element-based nutrient solution fertilizer compounding system were designed. The mathematical model of precise fertilization of nutrient solution return established is based on nutrient elements and can be used for carrying out secondary fertilization to the nutrient solution return, supplements the elements required by crops according to a certain proportion, and maintains the proper pH value and EC value of nutrient solution.



(2) The residual liquid of the nutrient solution was mixed with the trace element concentrated liquid according to the calculated value of the system. The calculation was made according to the formula requirements of various elements and nutrient ions. The single element was taken as the solution object, and the multivariate matrix was solved as a means to solve the nutrient solution and fertilizer model. The output solution was optimized under the multivariate infinite solution matrix model, and the optimization solved the situation that some variables have no effective output solution, and the solution was not good. The feasibility of the secondary fertilization model of residual liquid nutrient ions was verified by experiments.



(3) The secondary fertilization device and fertilization model established in this paper can effectively use the nutrient solution to reconfigure the nutrient solution suitable for plant absorption, which can reduce the waste of nutrient solution and improve the benefits of soilless culture.
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Figure 1. Water and fertilizer integrated operation process. 
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Figure 2. Working process flow chart of nutrient solution fertilizer system based on nutrient elements. 






Figure 2. Working process flow chart of nutrient solution fertilizer system based on nutrient elements.



[image: Sustainability 15 01851 g002]







[image: Sustainability 15 01851 g003 550] 





Figure 3. Structure block diagram of nutrient solution fertilizer system based on nutrient elements. 
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Figure 4. The flow chart of the solution of the secondary fertilizer model. 
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Figure 5. Solution model diagram of nutrient liquid return for secondary fertilization. 
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Figure 6. Nutrient solution, return liquid sampling site: (a) raw liquid tank; and (b) remaining liquid barrel. 






Figure 6. Nutrient solution, return liquid sampling site: (a) raw liquid tank; and (b) remaining liquid barrel.



[image: Sustainability 15 01851 g006]







[image: Sustainability 15 01851 g007 550] 





Figure 7. PGENERAL UV-Vis spectrophotometer and samples to be tested: (a) UV-V is the spectrophotometer; and (b) Colorimetric test sample. 
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Figure 8. Nutrient solution returning to liquid secondary fertilizer detection error: (a) standard error diagram of secondary fertilization; and (b) error bar diagram of secondary fertilization. 
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Table 1. Defining Fertilizers and Solving Variables.
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Solve Variables

	
Representative

	
Fertilizer

	
Element

	
The Complementary Mass of the Element’s Corresponding Ion (g)






	
    x 1    

	
    a 0  + k   

	
NH4NO3

	
N

	
A-a




	
    x 2    

	
    b 0  +  c 0    

	
KH2PO4

	
P

	
B-b




	
    x  10     

	
    b 0    

	
(H3PO4)




	
    x 2    

	
    b 0  +  c 0    

	
KH2PO4

	
K

	
C-c




	
    x 3    

	
   2  c 0  +  f 0    

	
K2SO4




	
    x 4    

	
    c 0  + k   

	
KNO3




	
    x 5    

	
    d 0  + 2 k   

	
Ca (NO3)2

	
Ca

	
D-d




	
    x  11     

	
    d 0    

	
CaCl2




	
    x 6    

	
    e 0  +  f 0    

	
MgSO4

	
Mg

	
E-e




	
    x 6    

	
    e 0  +  f 0    

	
MgSO4

	
S

	
F-f




	
    x 3    

	
   2  c 0  +  f 0    

	
K2SO4




	
    x 7    

	
    f 0    

	
(H2SO4)




	
    x 8    

	

	
HNO3

	
acid

	
/




	
    x 9    

	

	
NaOH

	
alkali

	
/
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Table 2. Initial test report of nutrient solution return liquid and original liquid sample.
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Serial Number

	
Report Number

	
Sample Name

	
EC

	
pH

	
    N  H 4 +  - N    

	
    N  O 3 −  - N    

	
    P  O 4  3 −      

	
     K +     

	
    C  a  2 +      

	
    M  g  2 +      

	
S




	
    m S  ·  c    m   − 1     

	
/

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     






	
1

	
Y200155

	
original 1

	
1.46

	
7.42

	
8.08

	
190.2

	
5.1

	
56.38

	
346.4

	
86.9

	
53.6




	
2

	
Y200156

	
original 2

	
1.60

	
7.73

	
7.56

	
171.5

	
10.7

	
53.79

	
287.6

	
85.9

	
54.1




	
3

	
Y200157

	
original 3

	
1.34

	
7.16

	
7.01

	
175.1

	
5.6

	
48.82

	
275.9

	
86.3

	
52.7




	
4

	
Y200158

	
original 4

	
1.42

	
7.55

	
0.00

	
22.1

	
3.7

	
49.72

	
219.6

	
84.2

	
46.8




	
5

	
Y200159

	
original 5

	
1.41

	
7.78

	
0.00

	
29.7

	
7.5

	
44.28

	
186.2

	
79.4

	
44.7




	
6

	
Y200160

	
original 6

	
1.42

	
7.92

	
0.00

	
19.8

	
4.2

	
44.35

	
186.8

	
81.8

	
41.4
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Table 3. Nutrient solution return element replenishment variable.
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    N  H 4 +  - N    

	
    N  O 3 −  - N    

	
m

	
    P  O 4  3 −      

	
     K +     

	
    C  a  2 +      

	
    M  g  2 +      

	
S




	
A-a

	
B-b

	
C-c

	
D-d

	
E-e

	
F-f






	
Supplement 1

	
0.44

	
2.71

	
6.16

	
0.015

	
0.17

	
3.17

	
0.11

	
0.071




	
Supplement 2

	
0.42

	
2.29

	
5.45

	
0.034

	
0.24

	
2.54

	
0.27

	
0.098




	
Supplement 3

	
0.39

	
2.50

	
6.41

	
0.015

	
0.11

	
2.23

	
0.19

	
0.118
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Table 4. Nutrient solution return element return model solution value.
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	x1
	x2
	x3
	x4
	x5’
	x5
	x6
	x7
	x8
	x10
	x11





	Supplement 1
	0.0615
	0.0150
	0
	0.155
	3.1700
	0.1585
	0.1100
	0
	0.065
	0
	3.0115



	Supplement 2
	0.0651
	0.0340
	0
	0.206
	2.5400
	0.1449
	0.2700
	0
	0.004
	0
	2.3951



	Supplement 3
	0.0526
	0.0150
	0
	0.095
	2.2300
	0.1424
	0.1900
	0
	0.100
	0
	2.8760
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Table 5. Nutrient solution stock solution, secondary fertilizer sample test report.
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Serial Number

	
Report Number

	
Sample Name

	
EC

	
pH

	
    N  H 4 +  - N    

	
    N  O 3 −  - N    

	
    P  O 4  3 −      

	
     K +     

	
    C  a  2 +      

	
    M  g  2 +      

	
S




	
    m S  ·  c    m   − 1     

	
/

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     

	
    m g  ·   L   − 1     






	
1

	
Y200155

	
original 1

	
1.46

	
7.42

	
8.08

	
190.2

	
5.1

	
56.38

	
346.4

	
86.9

	
53.6




	
2

	
Y200156

	
original 2

	
1.60

	
7.73

	
7.56

	
171.5

	
10.7

	
53.79

	
287.6

	
85.9

	
54.1




	
3

	
Y200157

	
original 3

	
1.34

	
7.16

	
7.01

	
175.1

	
5.6

	
48.82

	
275.9

	
86.3

	
52.7




	
4

	
Y200214

	
original 4

	
1.44

	
7.32

	
6.93

	
178.9

	
7.8

	
66.53

	
351.1

	
84.7

	
66.3




	
5

	
Y200215

	
original 5

	
1.71

	
7.39

	
7.87

	
165.7

	
8.5

	
62.11

	
282.4

	
86.7

	
61.5




	
6

	
Y200216

	
original 6

	
1.66

	
7.54

	
5.51

	
188.6

	
7.8

	
57.36

	
272.1

	
89.6

	
61.7
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