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Abstract

:

The furnace gas resulting from the electrothermal production of yellow phosphorus contains up to 95% CO, 2% O2, 2% H2, and 0.3–4.0% impurities, including phosphine (PH3), yellow phosphorus (P4), and hydrogen sulphide (H2S), which are characterized by flammability, explosion hazardousness, corrosiveness, and high toxicity. The presence of toxic impurities does not allow the use of waste gases from phosphorus production, which are mainly composed of valuable carbon monoxide, as chemical raw materials and/or process fuel. The authors propose a method for the purification of furnace gas from the main toxic component, phosphine, by its oxidisation using aqueous copper–ammonia complexes as a catalyst. This approach allows the cleaning process to be conducted under mild conditions. The degree of purification of the model furnace gas from P components is 90–99%, depending on the process conditions.
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1. Introduction


The industrial electrothermal production of yellow phosphorus generates large amounts of toxic waste, such as furnace gas, phosphorus sludge, and slag. About 2500–3000 m3 of tail gases per ton of yellow phosphorus produced are released by electric furnaces. They are the primary sources of air pollution in adjacent cities [1,2]. The furnace gas from phosphorus production contains valuable substances, such as up to 95.0% carbon oxide (CO), hydrogen (H2), and up to 4% oxygen (O2);and 0.3–4.0% toxic impurities, such as phosphine (PH3), yellow phosphorus (P4), phosphorus oxide (P2O5); and acid gases, such as hydrogen sulphide (H2S) and hydrogen fluoride (HF), that result from side reactions involving water [3,4]. The lack of efficient technologies for removing toxic, flammable, and explosive impurities prevent the use of furnace gas as a process fuel for phosphorus production or as a raw material for conversion into high-value chemical feedstocks, such as synthesis gas (CO + H2). At present, furnace gas from phosphorus production in Kazakhstan is not recycled and is flared. The processing of large reserves of phosphorus-containing raw materials, the increase in serious air pollution, and more stringent emission standards require the creation of effective methods for removing toxic impurities for further safe utilization of flue gases.



Phosphine is one of the most highly toxic flue gas contaminants. Its high toxicity can cause serious harm to the environment and humans. Various methods can be used to clean flue gases from the electrothermal production of yellow phosphorus from phosphine, including adsorption, oxidation reactions of toxic impurities, catalytic decomposition processes, and electrochemical methods of phosphine removal. Additionally, attempts at bio-treatment to neutralize the tail gas from PH3 have been made, but their efficiency was not high due to the bio-toxicity of PH3 [5].



Adsorption methods are used to remove trace amounts of phosphine [6,7,8,9]. Among them, materials containing Cu have been widely developed. Thus, zeolites modified with CuCl2 and Cu(NO3)2 [7], or ZnCl2 and CuCl2 [8] are reported to be effective. The high sorption capacity for PH3 of about 130 mg/g for 24 h has been shown by a sorbent composed of coke originating from the Shubarkol deposit (Kazakhstan) modified with additives of CuO (10 wt.%), ZnO (0.1 wt.%), and Cr2O3 (1 wt.%) [9].



It should be noted that phosphine is a strong reducing agent, which means that it can be oxidised [10,11]. In fact, breaking the P-H bonds of phosphine requires an electron pair transfer. The two-electron reduction of O2 to H2O2, and the four-electron reduction to H2O are highly thermodynamically favourable. Despite the high redox potentials of these transitions, the oxidation of PH3 by oxygen proceeds very slowly under normal conditions since the transfer of an electron pair to an oxygen molecule is impossible due to spin prohibition [11]. However, the oxidation of phosphine may be catalytically accelerated using metal oxides, for example by copper, zinc, chromium, molybdenum oxides, etc. [9,10].



Some new materials for the adsorption and subsequent oxidation of phosphine have been reported. Thus, the walnut-shell-activated carbons demonstrate activity in the oxidation of adsorbed PH3 to form phosphoric acid (H3PO4) and phosphorous oxide (P2O5) [12]. The CuO-ZnO-La2O3/activated carbon systems with an improved adsorption capacity allow the conversion of adsorbed PH3 to oxidised forms, such as H3PO4 (34.91%) and P4O10 (65.09%) [13]. It has been reported that various metal oxides can be used as adsorbents [14]. Nanocomposites, such as modified CuFe and diatomite (CuFe/MKL), are recognized as the most promising adsorbents for the simultaneous removal of H2S and PH3 from gaseous raw acetylene at a low temperature (80 °C) [15]. Tang and colleagues have reported that several metal-containing materials, such as Fe-Ni or Co alloys, are effective for the catalytic decomposition of toxic phosphine to yellow phosphorus and hydrogen [16,17]. A series of oxides of metals, such as Cu, Zn, Mn, and Mo, have been proven to have an excellent PH3 removal effect [10]. Copper oxides have been reported to be better at removing PH3 and H2S compared to other metal oxides [18]. Copper species can activate oxygen to oxidise reducing gases. Thus, CuCl2 deposited on γ-Al2O3 with a large surface area demonstrates a high activity to produce H3PO4 and P2O5, while the primary γ-Al2O3 does not have an adsorption capacity, whereas amorphous CuCl2 shows a high reactivity for the adsorption of PH3 [19].



In addition to heterogeneous adsorbents and catalysts, absorption and catalysis by homogeneous complex catalysts are of interest due to their high activity, selectivity, and ability to operate under mild conditions. Copper (I, II) complexes are often used in catalysis because they accelerate reactions of completely different natures involving inorganic and organic compounds. While Cu(II) complexes activate addition reactions, Cu(I) complexes accelerate oxidation reactions. Cupric (Cu2+) and cuprous (Cu1+) ions are often used together as a bifunctional catalyst for the activation of various components and stages of the process involving oxygen and oxygen-containing agents [20]. Thus, even though direct oxidation of PH3 with oxygen is inefficient, catalytic oxidation can occur, for example, in the presence of highly active copper compounds [10,21,22,23,24].



We have previously studied complexes of copper with acids (HCl and HBr) in aqueous alcohol solutions. It was shown for the first time that these complexes are promising for use as catalysts for the oxidation of phosphine [21,22]. The acids were later replaced by ammonia to produce a valuable product, such as diammonium phosphate—a mineral fertiliser. Preliminary results were published in [23]. Copper-ammonium complexes were shown to be able to remove phosphine and could be used to purify furnace gas. The present study is aimed at developing this approach and improving the manufacturability of the process. In this regard, the type of reactor was changed from a shaken one to flow one with an overhead stirrer, the volume of the catalytic solution was increased from 10 mL to 100–200 mL, and the effect of conditions was systematically studied. In contrast to the known methods of phosphine removal, the aqueous copper–ammonia complexes were used for the oxidation of PH3 under mild conditions: low temperatures varied within a range of 30–40 °C and at a pressure level of 1 atm. The reaction products were mono- NH4H2PO4) and di-ammonium (NH4)2HPO4 phosphates.




2. Results and Discussion


2.1. Testing of Oxidation of Phosphine by Aqueous Copper–Ammonia Complexes


In this study, copper sulphate was used as a source of Cu2+ ions. The efficiency of aqueous copper–ammonia complexes for removing phosphine was studied depending on the amounts of copper, ammonia, phosphoric acid, the phosphine concentration, and the process temperature. The phosphine removal efficiency or, in the case of oxidative phosphine conversion, the degree of conversion of X(PH3), was varied within a range of 80–99%, depending on the reaction conditions. It should be noted that the colour of the solution was varied depending on the copper state and the ratio of copper ions.



Without ammonia, an aqueous solution of copper sulphate with an initial blue colour removed PH3 from a model PH3–Ar mixture with a purification degree of no more than 90% (Table 1). This value was maintained for a short period of time (40 min); then, the absorption capacity dropped to 0. The final solution became dark grey. Adding NH4OH to the solution at 30–50 °C led to intensive absorption of even trace amounts of phosphine. Thus, at t = 50 °C, the addition of 0.65 mol/L of NH4OH to the catalytic solution containing CuSO4 (CCuSO4 = 0.4 mmol/L) increased in the degree of phosphine conversion (X(PH3), %), which reached 95%. Further increasing the concentration of NH4OH to 1.3 and 2.6 mol/L reduced the degree of phosphine removal up to 82% and 80%, respectively, while the process duration became longer and reached 1.5 h and 2 h, respectively (Table 1). The initial blue colour of the test solution took on a dark grey hue. These results showed that copper–ammonia complexes were more effective than copper alone.



An increase in the concentration of copper sulphate, as expected, led to an increase in both the rate of absorption of phosphine and the degree of purification. The degree of purification reached 98–99% when 0.6–0.8 mol/L of CuSO4 was added (Table 2).



A study of the kinetics of the phosphine oxidation reaction was conducted. In these experiments, the flow rate of the PH3-Ar gas mixture was controlled so that the degree of purification remained at the level of 98–99%. For that, the gas flow rate (VPH3, mL/min) gradually decreased to 0 with the saturation of the catalytic solution by phosphine, which was accompanied by a decrease in the absorption capacity and consequently in the catalytic activity.



In Figure 1 (curves 1–4), the dependence of the reaction rate (WPH3, mmol/L × min) and redox potential (φ, V) on the amount of phosphine absorbed (Q PH3, mmol/L) is presented under the conditions: t = 50 °C, X(PH3) = 98–99%, CPH3in = 2500, and 10,000 mg/m3, solution composition (mol/L): NH4OH—1.3, H3PO4—1.9, and varying the amount of CuSO4 in the range of 0.2–0.6 mol/L. As it is shown, the reaction rate rises with the increasing Cu(II) content (curves 1–4, Figure 1a). The potentiometric curves (1–4) indicating the changes in the ratio of Cu valence state are characterised by plateaus at 0.2~0.25 V (Figure 1b).



The copper–ammonia catalytic system operated effectively in the low-temperature range of 30–50 °C. Increasing the temperature above 50 °C was accompanied by a decrease in phosphine absorption; hence, PH3 purification degree from 95–98% to 72%, respectively (Table 3). This may be caused by the destruction of copper–ammonia complexes at rising temperatures.



The purification degree depended on the content of phosphine in the gaseous mix. As the concentration of PH3 in the gas phase increased from 10,000 to 18,750 mg/m3, the reaction rate increased, and the degree of phosphine removal became higher—96% and 98%, respectively (Table 4).



Figure 1a demonstrates the dependence of the reaction rate on the content of PH3 in the gaseous mix. Thus, at a phosphine concentration of 2500 mg/m3 (curve 4), the rate of reaction is lower than it is at 10,000 mg/m3 (Figure 1a, curve 1).



It has been observed that the presence of phosphate ions promoted phosphine oxidation (Table 5, Figure 2). Thus, the oxidation degree was increased from 82 to 98% when phosphoric acid was added in an amount of 0.95 mol/L (CPH3in = 18,750 mg/m3, solution composition, mol/L: NH4OH—1.3, CuSO4—0.4). The following increase in H3PO4 to 1.9 mol/L did not affect the purification degree at various ratios of CuSO4/NH4OH (Table 5). A higher purification degree of 99% was achieved in the following conditions: H3PO4—1.9 mol/L, CPH3in = 18,750 mg/ m3, solution composition, mol/L: NH4OH—1.3, CuSO4—0.6 and NH4OH—2.6, and CuSO4—0.6.



The significance of phosphoric acid additives is their ability to increase the reaction rate, which is clearly demonstrated in Figure 2a, where the typical kinetic curves of PH3 absorption are given for copper–ammonia solutions with and without phosphoric acid additives. The rate of phosphine uptake increased by about a factor of two each time H3PO4 was added to the catalyst solution (curves 1–3, Figure 2a). As the absorption of PH3 increased, the reaction rate increased too, reached a maximum, then gradually approached zero (Figure 2a). The potentiometric curves (Figure 2b) indicate the change in the ratio of copper ions—Cu(II)/Cu(I), participating in the reaction. During the reaction, the redox potential of the Cu(II)/Cu(I) pair gradually decreased from 0.4 to 0.1 V, shifted to the cathode side, and reached a relatively steady state which matched the maximum absorption rate of PH3 on the kinetic curves (Figure 2a), then a sharper drop in potential was observed when the balance between Cu oxidative states disappeared (Figure 2b).



Copper(II) ions form stable complexes with phosphate ions, and the stability constants decrease sharply in the order PO43− → HPO42− → H2PO4− from 107 → 104 → and 102 [25]. In mixed systems containing ammonia and weak acid anions, acido-amines are formed. Their stability is higher than that of individual acido-complexes and metal amines, and their strength comes close to that of copper(II) complexes with amino acids [26]. In concentrated solutions of ammonia in the absence of phosphate, a low absorption rate of PH3 was observed (Table 5).



The spent copper–ammonia solution can be regenerated with atmospheric oxygen. After treatment with air (Vair = 100 mL/min, tamb), the catalytic solution was quickly regenerated and restored its initial activity (Table 6, Figure 3). A total of four cycles were conducted; the duration of each cycle was an average of 150 min, and the regeneration time was 50–60 min. After three cycles, the formation of a small amount of white substance was observed. This was monoammonium phosphate, as determined by X-ray diffraction analysis.



After the third cycle, purification degree began to decrease (Table 6). The kinetic curves were close, while the potentiometric curves were completely the same (Figure 3a,b).




2.2. Chemistry of Phosphine Oxidation by Aqueous Copper–Ammonia Complexes


An aqueous solution of CuSO4 consists of hydrated Cu2+ ions—[Cu(H2O)6]2+ that are pale blue in colour. In the interactions of copper(II) ions with ammonia in aqueous medium, aqueous copper–ammonia complexes [Cu(NH3)4(H2O)2]2+ that are ultramarine in colour are formed. The NH3 ligand forms strong coordination compounds with cupric (2+) or cuprous (1+) ions depending on the anionic ligand [27]. Cuprous ions form stronger complexes with ammonia than cupric ions. Phosphine, such as ammonia, is also prone to complex formation reactions with electron-withdrawing molecules [3,21,22,23,28,29,30]. The phosphine ligand-based complexes are widely applied in cross-coupling reactions, asymmetric hydrogenation, hydrocarboxylation, and many other crucially important processes [28].



The catalytic removal of phosphine occurs because of its interaction with the aqueous copper–ammonia complexes accompanied by redox reactions. The resulting chemical reactions of phosphine oxidation with the formation of mono- or diammonium phosphate, depending on the amount of ammonia added, can be generally represented by Equations (1) and (2), respectively:


PH3 + 2O2 + NH4OH → NH4H2PO4 + H2O



(1)






PH3 + 2O2 + 2NH4OH → (NH4)2HPO4 + 2H2O



(2)







The formation of monoammonium phosphate (Equation (1)) is confirmed by an XRD analysis of a white powder collected at the end of the process. The observed reflections of 5.33, 3.76, 3.08, 2.65, 2.38, 2.01, 1.77, 1.68, 1.60, 1.47, 1.37, 1.32, 1.25, 1.21, and 1.18 correspond to monoammonium phosphate—NH4H2PO4 (ASTM 1-817) (Figure 4).



The copper complexes act as a catalyst can be described by the following consecutive redox reactions: phosphine oxidation, P3−→ P5+, and copper reduction, Cu2+→ Cu0, (Equation (3)); the formation of copper(I) (Equation (4)); and oxidation of copper(I) by oxygen and return to an initial Cu(II) state (Equation (5)).


PH3 + 4Cu2+X + 9NH4OH → NH4H2PO4 + 4Cu0 + 4(NH4)2X + 5H2O



(3)






Cu0 + Cu2+X ⟷ (Cu1+)2X



(4)






(Cu1+)2X + 1/2O2 + (NH4)2X + H2O → 2Cu2+X + 2NH4OH



(5)




where X = SO42−. In contrast to Cu(II) ions, the catalytic effect of Cu(I) ions is the tendency to form complexes with phosphine [11,21,22]. Without copper(I) ions, the copper(II) ions do not react with PH3, and phosphine does not reduce the Cu(II) ions. The process is started with the stage of formation of Cu(I) phosphide complexes. Then, the Cu(II) phosphide undergoes redox decomposition with the release of phosphine oxide and Cu(0). The accumulation of metallic copper is accompanied by a lack of Cu(II), and a decrease in the absorption of phosphine. With an excess of Cu(II), the equilibrium (Equation (6)) is shifted to the right [25,26]. The same approach with Cu ions playing a leading role in removing H2S and PH3 is postulated by the authors of [3].


Cu2+(NH3)2(HPO4) + Cu0 + H3PO4 + 2NH4OH ⟷ 2Cu1+(NH3)2(H2PO4) + 2H2O



(6)







X-ray analysis proves that the formation of Cu0 appeared as a black powder on the inner wall of the reactor. The reflections at 2.09, 1.81, and 1.28, respectively, are attributed to Cu0 (ASTM 4-0836) (Figure 5). The SEM pattern of the black precipitation corresponding to Cu0 is presented in Figure 6.



Copper ions do not react with mono/diammonium phosphate; as a result of the reaction, mono/diammonium phosphate (ammophos) suitable for use as a complex mineral fertilizer is formed. The main elements included in ammonium phosphates and Cu0, such as N, O, P, and Cu, with an average content of 15.25, 51.55, 25.7, and 6.69 wt.%, respectively, were detected using the EDX-SEM analysis of residues collected after five cycles of the process of phosphine oxidation and drying at ambient temperature (Figure 7).



Since the oxidation of phosphine by aqueous copper–ammonia complexes were accompanied by a change in the oxidation states of copper (Equations (3)–(5)), measurements of the redox potential were conducted. Figure 8 illustrates the dependence of the phosphine conversion (XPH3, %) and redox potential (φ, V) on time.



The potentiometric curves (1–3) (Figure 8b) are characterised by a decrease in the value of redox potential at the beginning of the reaction, with plateaus arising at φ ~ 0.2 V, and a new sharp drop in redox potential at the end of the reaction. A drop in the redox potential corresponds to a change in oxidative states of Cu while the plateau indicates the establishment of equilibrium Cu(I)/Cu(II). The first drop corresponds to a transition of Cu(II) to the Cu(I) state, while the second one indicates the further reduction of Cu and the formation and accumulation of Cu(0), which is not active for phosphine oxidation and should be oxidised to return to an initial Cu2+ state. The plateau corresponds to Cu(I)/Cu(II) equilibrium.



Along the conversion curves, the plateau arises at the same time as the potentiometric curves, when the Cu(I)/Cu(II) equilibrium is established (Figure 8a). The longer the plateau, the higher the amount of absorbed phosphine, and the longer the duration of the process. The falling redox potential is accompanied by a decrease in the reaction rate up to 0 due to an increase in the Cu(0) amount, and its visible accumulation since the solution’s colour changes, and a black precipitate form. Thus, the redox potential is useful to monitor the changes in the catalytic system. The presence of plateaus on potentiometric curves is evidence of the stable work of the catalytic system possessing a higher absorption capacity and depth of oxidation.



Thus, summarizing the results obtained, we propose that the oxidation of PH3 by an aqueous copper–ammonia solution consists of three key steps: (1) reduction of copper(II) to metallic copper (Cu(0)) by phosphine—as a result of the redox process, mono- or diammonium phosphates are formed (Equation (3)); (2) oxidation of Cu(0) by Cu(II) to Cu(I) (Equation (4)); and (3) oxidation of Cu(I) by oxygen and the regeneration of the initial copper state (Cu(II)). The first stage is accelerated by copper(I), while the last stage is accelerated by copper(II).



The resulting Cu(0) is oxidised by O2 to the ammoniates Cu(I) and Cu(II) Equation (7)). Under the action of oxygen, copper(I) is reoxidised to copper(II) and returned to the catalytic cycle (Equation (8)).


2Cu + 2(NH4)2HPO4 + O2 → 2Cu(NH3)2(H2PO4) + 2H2O



(7)






4Cu(NH3)2(H2PO4) + O2 → 4Cu(NH3)2(HPO4) + 2H2O



(8)









3. Materials and Methods


3.1. Materials


Gas (Ar) of 99.99% purity was supplied from a gas cylinder. Phosphine was obtained by the decomposition of zinc phosphide (Equation (9)).


Zn3P2 + 3H2SO4 → 2PH3 + 3ZnSO4



(9)







All reagents used met the established standards (Kazakhstan) and had a purity of at least 99%.



The phosphoric acid (H3PO4) concentration was 85%, GOST 6552-80, JSC “Reaktiv”, Novosibirsk, Russia.



The aqueous ammonia (NH4OH) concentration was 25%, GOST 3760-79, LLP “LabChemProm”, Russia.



The zinc phosphide (Zn3P2) contained 19% phosphorus, Sigma-Aldrich GmbH, Germany.



The copper sulphate pentahydrate (CuSO4*5H2O, 99.5%), GOST 4165-78, “JSC REAHIM” Russia.




3.2. Preparation of Phosphine


Phosphine was obtained by acid decomposition of Zn3P2 according to Equation (9).



The produced PH3 was carried by an argon stream into graduated bottles (gasometer) filled with saturated NaCl solution. Then, phosphine was diluted with argon to obtain a certain content of phosphine that varied within 0.2–1.6 vol.%, corresponding to 2500–18,750 mg/m3.




3.3. Preparation of Aqueous Copper–Ammonia Solution


A solution of CuSO4 with a concentration varied within 0.2–0.6 mol/L was prepared by dissolving the salt in distilled water. The final solution consisting of [Cu(H2O)6]2+ ions was blue in colour. Then, 0.65–2.6 mol/L of NH4OH was added to the solution. The initial blue colour of the solution changed to blue-violet. This indicates the formation of copper–ammonia complexes [Cu(NH3)4(H2O)2]2+ ions, usually written as [Cu(NH3)4]2+ ion. Ammonia is a stronger base than H2O, and therefore displaces the water molecules from the hydrated Cu2+ ion [31]. Finally, phosphoric acid is added to the catalytic solution in the amount of 0.95–1.9 mol/L, and the colour of the solution became ultramarine. The catalytic solution was purged with Ar and the redox potential and pH were measured. The optimal values of the pH and redox potential are 6.5–7 and 65–70 mV, respectively.




3.4. Testing


The processes of absorption and oxidation of PH3 by a catalytic solution were conducted in a flow thermostatic unit with inputs and outputs comprising gaseous, solid, and liquid reagents, and equipped with a device for measuring redox potential and pH values (ionometer—I-160 MI, 2021, Russia, consisting of a redox measuring electrode and a silver chloride reference electrode), an overhead stirrer, and combined lines of the Ar-PH3 gas mixture and Ar-O2 supplied from gasometers, which were passed with a certain rate regulated by rotameters/gas flow meters.



The solvent and solid or dissolved catalytic system components with a total volume of 100 mL were placed in a glass reactor (1), which was purged with argon before supplying the model gas mixture; the catalytic solution was stirred using an overhead stirrer (2, 4) with a rotation frequency of 800 rpm and heated to the test temperature using a thermostat (3); the redox potential was measured, and the gas mixture was passed with a certain flow rate that varied within a range of 30–100 mL/min (Figure 9).



At a constant-velocity phosphine feed (VPH3), eventually, the catalytic solution was saturated with phosphine, leading to a decrease in the absorption rate and the degree of purification. To conduct kinetic measurements, the phosphine feed velocity was adjusted in such a way as to keep the degree of purification constant (98–99%); for this purpose, the velocity of phosphine was gradually reduced up to 0, i.e., until the processes of absorption and oxidation in phosphine had completely stopped.



During the experiment, the redox potential (V), absorption rate of PH3 (W, mol/L min), and amount of absorbed PH3 (Q, mol/L) at a given time were measured online. The concentration of phosphine before and after absorption was determined online by GC. The experiments were conducted until the absorption of PH3 had almost stopped.



Regeneration of the spent experimental solution was conducted in the same reactor and pre-blown with argon, then with air at a rate of 20–30 mL/min for 30–60 min. Air was generated by an air compressor, “GChV–1.2-3.5”, 2017, Russia.




3.5. Analysis of Products and Calculation Methods


The concentrations of PH3 in the initial gas feed (before reactor), and outgoing gases (after reactor) were analysed using the online gas chromatograph “Chromatec–Crystal 5000” with a DTP detector with the software “Chromatec Analytic”, made in Russia, 2020; packed column: NaX 80/100 mesh; capillary column: PoraPLOT Q. Carrier gases with a purity of 99.9%–argon for the packed column and helium for the capillary column were supplied from cylinders. Sampling was performed with a 6-port tap (automatic, thermostatically controlled) with a 0.5 mL and 1.0 mL dosage.



The solid product composition was analysed by means of X-ray diffraction (XRD) using a “Dron-4” powder diffractometer (USSR, 1990) with the CuKα or CoKα radiation upgraded and equipped with software processing. The phase identification was performed with the help of the ASTM (American Society for Testing and Materials).



Scanning electron microscopy (SEM) images were taken using JSM 6610 LV JOEL equipment using a secondary electron detector operating under high and low vacuum conditions (Japan, 2013).



The removal efficiency or degree of purification from phosphine (XPH3) was calculated according to Formula (10):


XPH3 = ((CPH3in − CPH3out)/CPH3in) × 100%



(10)




where CPH3in is the concentration of phosphine in the feed mixture, and CPH3out is the concentration of phosphine in the outlet mixture.



Parameters, such as the duration (τ, min), redox potential (φ, V), rate of absorption of PH3 (W, mmol/L×min), and amount of absorbed PH3 (Q, mmol/L), were measured. The composition of the gas phase was analysed online. The kinetic test was conducted until PH3 did not stop being absorbed by the catalytic solution. The process rate was assessed by the consumption of PH3 and the accumulation of the product.



The rate of phosphine absorption—WPH3, mol/(L×min) and quantity of absorbed phosphine—Q, mol/L have been calculated according to Formulas (11) and (12), respectively:


WPH3 = VPH3 × (CPH3in – CPH3out)/(Vl × MPH3)



(11)






QPH3 = VPH3 × (qPH3in – qPH3out)/(Vl × MPH3)



(12)




where VPH3 is the volume of gas passed through the catalytic solution; L/min, CPH3in, and CPH3out are concentrations of phosphine in the inlet and outlet gas flows, g/L; Vl is the volume of the liquid catalytic solution, L; q is the quantity of absorbed phosphine, L/mol; and MPH3 is the molecular mass of phosphine, g/mol. On the basis of data on WPH3, QPH3, and potentials, the conversion and potentiometric curves were plotted.



For the usual flow regime, the process was conducted at a certain velocity of gases PH3 and O2 (Vg, L/min), which were controlled by mass flowmeters, 2019, Bronkhorst, the Netherlands.





4. Conclusions


The catalytic oxidation of PH3 by aqueous copper–ammonia complexes under mild conditions has been studied. The process was conducted under atmospheric pressure and low temperatures in the range of 30–50 °C. Such mild conditions avoid parallel chemical transformations of the main component of furnace gas—carbon monoxide.



The studied aqueous copper–ammonia complexes are effective for purification from phosphine; the degree of purification is varied within 90–99% depending on the amount of copper, ammonia, phosphoric acid, and the phosphine concentration in the gas mixture and the temperature.



The main products of a phosphine oxidation reaction are mono- or diammonium phosphate depending on the amount of ammonia added. Both products are valuable fertilizers.



The chemistry of the process is proposed and described. The possible reactions include the reduction of Cu2+ to Cu0, formation of Cu+ ions, and the regeneration of an initial Cu(II) state.



The developed catalytic system is inexpensive and effective for combating air pollution and utilizing hazardous waste, such as PH3.



Further studies will be conducted using real furnace gas consisting of carbon monoxide, and a number of impurities in order to find out their effect on the catalytic oxidation of PH3, and to scale up the process. Additionally, the mechanism of the process will be considered based on additional results.
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Figure 1. Kinetic (a) and potentiometric (b) curves of PH3 oxidation by aqueous copper–ammonia complexes at t = 50 °C, X(PH3) = 98–99%, CPH3in = 10,000 mg/m3, solution composition, mol/L: NH4OH—1.3; H3PO4—1.9; CuSO4: 0.2 (1), 0.4 (2), 0.6 (3); CPH3in = 2500 mg/m3, solution composition, mol/L: NH4OH—1.3; H3PO4—1.9; and CuSO4—0.2 (4). 
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Figure 2. Kinetic (a) and potentiometric (b) curves of PH3 oxidation by aqueous copper–ammonia complexes at CPH3in = 10,000 mg/ m3, t = 50 °C, X(PH3) = 98–99%; solution composition, mol/L: CuSO4—0.4; NH4OH—1.3; H3PO4: 0 (1), 0.95 (2), 1.9 (3). 
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Figure 3. Kinetic (a) and potentiometric (b) curves of PH3 oxidation by aqueous copper–ammonia complexes at t = 30 °C, CPH3in = 2500 mg/ m3, X(PH3) = 98–99%, solution composition, mol/L: NH4OH—0.65; H3PO4—0.95; and CuSO4—0.4; 1–4—cycle number. 
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Figure 4. XRD pattern of the product of PH3 oxidation by aqueous copper–ammonia complexes; labels refer to reflections attributed to monoammonium phosphate—NH4H2PO4 (ASTM 1-817). 
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Figure 5. XRD pattern of the precipitation formed during phosphine oxidation by aqueous copper–ammonia complexes; labelled peaks at 2.09, 1.81, and 1.28 attributed to Cu0 (ASTM 4-0836). 
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Figure 6. SEM pattern of Cu0-containing precipitation. 
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Figure 7. SEM-EDX analysis of residues collected after five cycles of phosphine oxidation. 
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Figure 8. Conversion (a) and potentiometric (b) curves of PH3 absorption at 40 °C, VPH3 = 40 mL/min, PH3—493 mg/m3, composition, mol/L: NH4OH—0.65, CuSO4—0.02 (curve 1), 0.04 (curve 2), and 0.06 (curve 3). 
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Figure 9. Scheme of a unit for oxidation of phosphine by aqueous copper–ammonia complexes. 1 —glass reactor, V = 0.2 L; 2—overhead drive motor; 3—thermostat; 4—stirrer; 5—gas chromatograph; 6—catalyst solution; 7—electrode; 8—gas flow meter; 9—ion meter and pH-meter; 10—three-way valve; 11—reactor cover; 12—faucet with sampler; and 13—pallet. 
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Table 1. The effect of NH4OH content on the extent of purification from PH3 at t = 50 °C, VPH3 = 40 mL/min.
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Composition of Catalytic

Solution, mol/L

	
Content of PH3, mg/m3

	
Purification, %




	
CuSO4

	
NH4OH

	
Inlet

	
Outlet






	
0.4

	
0

	
18,750

	
1875.0

	
90.0




	
0.4

	
0.65

	
18,750

	
937.5

	
95.0




	
0.4

	
1.3

	
18,750

	
3375.0

	
82.0




	
0.4

	
2.6

	
18,750

	
3750.0

	
80.0
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Table 2. The effect of CuSO4 content on the extent of purification from PH3 at t = 50 °C, VPH3 = 40 mL/min.
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Composition of Catalytic

Solution, mol/L

	
Content of PH3, mg/m3

	
Purification, %




	
CuSO4

	
NH4OH

	
Inlet

	
Outlet






	
0.2

	
0.65

	
18,750

	
750.0

	
96.0




	
0.4

	
0.65

	
18,750

	
937.5

	
95.0




	
0.6

	
0.65

	
18,750

	
375.0

	
98.0




	
0.8

	
0.65

	
18,750

	
375.0

	
98.0
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Table 3. The effect of temperature on the extent of purification from PH3 at VPH3 = 40 mL/min.
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Composition of Catalytic Solution, mol/L

	
t, °C

	
Content of PH3, mg/m3

	
Purification, %




	
CuSO4

	
NH4OH

	
Inlet

	
Outlet






	
0.4

	
0.65

	
30

	
18,750

	
750.0

	
96.0




	
0.4

	
0.65

	
40

	
18,750

	
375.0

	
98.0




	
0.4

	
0.65

	
50

	
18,750

	
937.5

	
95.0




	
0.4

	
0.65

	
60

	
18,750

	
5250.0

	
72.0
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Table 4. The effect of PH3 content on the extent of purification from PH3 at t = 50 °C, VPH3 = 40 mL/min.
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Composition of Catalytic

Solution, mol/L

	
Content of PH3, mg/m3

	
Purification, %




	
CuSO4

	
NH4OH

	
Inlet

	
Outlet






	
0.2

	
0.65

	
18,750

	
375.0

	
98.0




	
0.2

	
0.65

	
10,000

	
400.0

	
96.0
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Table 5. The effect of H3PO4 on the PH3 purification efficiency at t = 50 °C, VPH3 = 40 mL/min.
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Composition of Catalytic Solution, mol/L

	
Content of PH3, mg/m3

	
Purification, %




	
CuSO4

	
NH4OH

	
H3PO4

	
Inlet

	
Outlet






	
0.4

	
1.3

	
0

	
18,750

	
3375.0

	
82.0




	
0.4

	
1.3

	
0.95

	
18,750

	
375.0

	
98.0




	
0.4

	
1.3

	
1.9

	
18,750

	
375.0

	
98.0




	
0.6

	
1.3

	
1.9

	
18,750

	
187.5

	
99.0




	
0.2

	
2.6

	
1.9

	
18,750

	
187.5

	
99.0
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Table 6. Stability of catalyst system of [CuSO4] = 0.4, [NH4OH] = 0.65, [H3PO4] = 0.95 mol/L at t = 30 °C, CPH3in = 2500 mg/m3.






Table 6. Stability of catalyst system of [CuSO4] = 0.4, [NH4OH] = 0.65, [H3PO4] = 0.95 mol/L at t = 30 °C, CPH3in = 2500 mg/m3.





	Number

of Cycle
	maxWph3,

(mmol/L × min)
	Q PH3,

(mmol/L)
	Content of PH3out, mg/m3
	Purification, %





	1
	0.5
	1.8
	50.0
	98



	2
	0.5
	1.8
	50.0
	98



	3
	0.5
	1.7
	75.0
	97



	4
	0.5
	1.8
	100.0
	96
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