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ABSTRACT: The electrolysis of aqueous solution of ammonium sulfate has been systematically investigated in a two-compartment electrolytic flow cell for the potential applications for green and efficient synthesis of ammonium persulfate. A commercial boron-doped diamond (BDD) coated anode (active area of 10 cm2) was used and electrolysis was operated under batch recirculation. Under a flow rate of 3.33 mL min-1, the flow pattern is well described by a flow model with axial dispersion in the reaction compartment. The electrosynthesis was found not to be mass transport-limited in the present system at flow rates of ≥50 mL min-1 with a current density of ≤150 mA cm-2. The charge transfer-controlled reaction was subsequently modelled, taking into account bubble coverage effects. Thereafter, the productivity of persulfate was investigated under different current densities, electrolyte compositions and concentrations. It was found that a high current efficiency can be obtained at the initial stage (~93%, 150 mA cm-2, ≤1 hour), which deteriorated with time. By altering the volume and concentration of the anolyte, up to 1.31M (150 mA cm-2, 3 hours) of oxidant solution can be delivered for on-demand applications. The hydrogen of high purity was produced as a valuable by-product of the process.
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INTRODUCTION
Due to the weak –O-O– bond (209 kJ.mol-1),1 peroxo compounds exhibit powerful oxidising properties. Among these, one of the strongest known oxidising agents is the peroxodisulfate anion (S2O82-). The peroxodisulfate salts of sodium, potassium, and ammonium are widely employed as oxidising and bleaching agents in the detergents, textile, electronics, and chemical industries.1 Decomposing in storage under conditions of moisture and/or excess heat, persulfates usually require careful attention to all aspects of shipping, handling and use.2 For a purpose of making and using them locally, we have constructed a flow reactor for the generation and delivery of inorganic oxidants on demand.3
Commercially, persulfate is manufactured electrochemically via electrolysis of cold concentrated sulfate solutions (SO42- and HSO4- species) using polished platinum electrodes at high current densities (>500 mA cm-2) in the presence of ammonium thiocyanate (NH4SCN) as an additive:1, 4
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The main problem of this process is the high corrosion rate of Pt, which can be accelerated markedly by the presence of impurities such as chloride ions.5 Consequently, the electrolyte has to be purified from the corrosion product of the Pt and from the additives before recycling.6 Operated in aqueous media at the high potential required for oxidation, this electrolysis process often suffers from low current efficiencies (less than 75%) due to the competing oxygen evolution:
 ADDIN EN.CITE 
7
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In this regard, the electrosynthesis of inorganic peroxo compounds using boron-doped-diamond (BDD) electrodes has captured the attention of many researchers.
 ADDIN EN.CITE 
8-11
 Conductive diamond thin films are a promising material for electrochemical processes, due to a number of meritorious characteristics, e.g. a wide working potential window in aqueous and non-aqueous electrolytes, high chemical inertness with low adsorption properties, and the ability to resist deactivation and corrosion even in very aggressive media at a high current density.
 ADDIN EN.CITE 
7-10
 The large potential window in water of high-quality BDD electrodes is particularly relevant for the generation of persulfate in water in order to achieve high current efficiency. As the onset of oxygen evolution starts at ~ +2.3 V vs SHE,8 higher current efficiencies than platinum electrodes can be achieved,
 ADDIN EN.CITE 
12-15
 which are maintained even at low sulfate concentrations. Additionally, NH4SCN additives are not necessary and lower current densities are possible without loss in current efficiency.9
There have been a number of studies specifically dedicated to the anodic generation of peroxodisulfuric acid (H2S2O8) from solutions of sulfuric acid over BDD,
 ADDIN EN.CITE 
12, 13
 including two recent detailed reports by Davis, Baygents and Farrell, where the process was described to involve a complex series of reactions involving radical intermediates both on the surface and in solution.
 ADDIN EN.CITE 
16, 17
 The efficiency of a flow-through cell was also reported in their work, where the maximum productivity was found to be independent upon current density (over 100-300 mA cm-2).17 The Faradaic efficiency of the flow cell, however, never exceeded 45%, even under current-limited conditions with high sulfuric acid concentrations. This was ascribed to a competitive rate of persulfate decay. Notably, the competitive electrolysis of water was not discussed in these studies. For electrolysis processes occurring in aqueous solutions, the evolution of oxygen is a major competitive pathway and, unsurprisingly, it is also one of the most intensively investigated side reactions.
 ADDIN EN.CITE 
18, 19
 Oxygen evolution can affect the efficiency of the process in two ways: on the one hand, the presence of gas in the bulk electrolyte affects the solution conductivity, by changing the gas-to-liquid volume ratio.18 On the other hand, a fraction of the electrode surface is covered with adhering gas bubbles,20 which not only reduces the effective electrode surface area (detrimental), but their growth also causes microflow in the electrode boundary layer (advantageous). Previous investigations
 ADDIN EN.CITE 
20-22
 suggest that the fractional bubble coverage (or fractional shielding θ0) in stagnant liquids depends on the current density, the condition of the electrode surface, as well as the nature of the gas. In an electrochemical flow cell, an empirical relationship between the effect of the flow velocity and bubble coverage has also been established.23
As a wider programme of research in the development of effective flow strategies for redox transformations, we have previously described the use of an electrochemical flow cell for the chemoselective reduction of the C=C bond in maleimide derivatives.24 The use of a prototype lab-scale reactor is described in this paper, for the production of ammonium persulfate by the electrolysis of aqueous solution of ammonium sulfate with a BDD anode (Figure 1), operated under batch recirculation mode. Gas counters were incorporated with each of the reservoirs to monitor the liberation of gaseous by-products (H2 and O2 at the cathode and anode, respectively). Using this setup, the efficiency of the system will be assessed, including the characterisation and modelling of the flow system. A set of experiments was subsequently conducted to evaluate the persulfate productivity under different conditions, particularly in the presence and absence of sulfuric acid. A particular focus of the work is to study the competitive chemical and physical processes occurring in these systems that may cause a loss in efficiency.
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Figure 1. Sketch of the experimental setup used for the electrolysis of ammonium sulphate: (black) anolyte, (grey) catholyte, and (blue) cooling liquid.
EXPERIMENTAL SECTION

Materials, and Experimental Setup, and Analytical Methods

Reaction substrates, sulfuric acid (95.0~98.0%) and ammonium sulfate (≥99.0%) and other chemicals for volumetric titration analysis (sodium thiosulfate, potassium iodide, and ammonium chloride) were obtained from Sigma-Aldrich (UK) and were used as received without further purification.

The sketch of a lab-scale experimental setup for the electrosynthesis of inorganic peroxo compounds is shown in Figure 1. The system consists of a DC power supply (IPS 3303, ISO-TECH) for supplying the electric charge, a dual-channel peristaltic pump (MasterFlex L/S, Cole-Parmer) for circulating the electrolytes (stored in two separate 250 mL conical flasks), a commercial electrolytic flow cell (MFC, EC ElectroCell®) for performing the reaction, an external cooling system for reducing the temperature of the electrode plates by continuously pumping ice-water, and Milli-Gascounter (MGC-1 PMMA, Ritter) for quantifying the amount of evolved gas.
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Figure 2. Detailed construction of MFC cell: (black) anolyte flow, (grey) catholyte flow, and (blue) cooling liquid flow.

The MFC flow cell is commonly arranged by stacking a set of frames (Figure 2), gaskets, and electrodes. The anode material was boron-doped diamond (BDD coated on a Niobium substrate) electrode (EC ElectroCell®), while the cathode was made of a stainless steel (SS316) plate, both electrode dimensions were 45 mm × 95 mm × 2 mm. A Nafion® 424 ion-selective membrane (Sigma-Aldrich), was placed between the two electrodes forming a two-compartment configuration. Each electrode was inserted in between two Viton gasket layers (thickness of 1 mm), and pressed against a PTFE frame. The resulting electrolysis chamber was formed by the space provided by two Viton gaskets and one inner PTFE frame between the membrane and electrode, having a geometric electrode surface of ~10 cm2 (3 cm × 3.4 cm) and an inter-electrode gap of ~8 mm. For the purpose of improving the mass transport, a plastic net which acts as turbulence promoter was placed in the inner PTFE frames. The plastic net is a lattice of triangular polypropylene threads with a 6 mm × 4 mm diamond shaped mesh.

Tracer

Tracer experiments (concentration step change) were performed to characterise the flow pattern (residence time distribution) in the MFC cell compartment. The tracer solution is made from a Trypan blue solution (Thermo Scientific) and detected by spectrophotometry. Initially the anode compartment was filled with deionised water. The step was performed by feeding the tracer solution to the compartment using a syringe pump (Graseby 3200) at a volumetric flow rate (q) of 200 mL h-1. Liquid samples were collected at the outlet of the anode compartment and measured in a UV-Vis-spectrophotometer (Beckman DU 640).

The experimental response was compared with the calculated one from model Equation 3. The task was performed by the Solver add-in function in Microsoft Excel, which combines numerical integration and nonlinear fitting. The parameters τ and Pe of the model were optimised by minimising the sum of the squares of the difference between experimental and calculated outlet signals. 

Electrosynthesis

The reaction was operated in batch recycle mode, i.e. the electrolytes were continually pumped between the electrochemical reactor and the corresponding reservoir. All experiments were conducted under galvanostatic conditions at a temperature below 15°C. It is essential to keep the temperature <25°C, to avoid loss of efficiency due to thermal decomposition of the persulfate. Before the start of each experiment the electrolyte solution was purged with nitrogen gas for 20 minutes in order to reduce the amount of oxygen in the electrolyte solutions. In the electrosynthesis of ammonium persulfate, the electrochemical reactions which occur may be represented as follows:
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There is also a competing reaction at the anode which produces oxygen:
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During electrolysis, the volumes of gas evolved from both compartments were measured in-line by using gas MilliCounters. Aliquots were extracted periodically at the anolyte outlet tubing for analysis.

Analysis of product stream

The aliquot was firstly treated by a stock solution of 0.1M Ti(SO4)2 in H2SO4, which will react with H2O2 (if present) to produce a yellow-coloured solution.

The total amount of oxidants generated was determined using the iodometric titration method.25 In the presence of oxidising agents such as persulfate, the iodide ion is oxidised to molecular iodine, which gives an orange-brown colour. The standard method for the determination of iodine is reduction to the iodide ion using sodium thiosulfate. A starch solution was used as an indicator to determine the end point of the titration.

One important operating criterion for an electrochemical reactor is the current efficiency associated with the production of a given amount of product. Based on Faraday’s law, the amount of a substance consumed or produced (n, mol) at one of the electrodes in an electrolytic cell is directly proportional to the amount of electricity that passes through the cell, which can be summarised by:
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1
where I is the constant current applied, A; t is the total time the constant current was applied, s; F is the Faraday constant, 96485 C mol-1; and z is the number of electrons involved in the electrode reaction. 
The current efficiency (S, %) is defined as the ratio between the number of electrons used for the desired persulfate formation and the total number of electrons transferred. Regular samples were taken at the output of the cell. The variation of the persulfate yield (ni, mol), allows the calculation of the experimental current efficiency S expressed as:
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2
RESULTS AND DISCUSSION
The initial experiments were performed using a mixture of 2M (NH4)2SO4 in 2M of H2SO4 (total sulfate concentration of 4M) as electrolytes (100 mL), applying a constant current of 1.5 A (corresponding to a current density of 150 mA cm-2). The electrolytic solutions were recirculating through the electrolysis cell at a flow rate of 200 mL min-1, and maintained at a temperature of <15°C for 3 hours. The productivity of the system can be determined by iodometric titration, indicating that ~0.063 mole of persulfate (concentration of 0.739M) has been produced in the anolyte reservoir after 3 hours, while 0.144 L of O2 (0.59×10-2 mol at 1 atm) and 2.09 L of H2 (8.54×10-2 mol at 1 atm) were generated at the anode and cathode compartments, respectively. Under these conditions, the formation of H2O2 was totally suppressed, which was verified by treating the aliquots with a TiSO4 solution.25
Figure 3 shows the formation of anodic and cathodic products over time, compared with the theoretical yields predicted by Faraday’s law (presented as dashed lines). As expected, only water reduction takes place at the cathode to evolve hydrogen gas, and the experimental yield of H2 was consistent with the predicted yield (Figure 3a). At the anode, however, competitive formation of persulfate and oxygen occur simultaneously. Figure 3b shows that the production of persulfate is the predominant reaction in the system initially (≤1 hour), with only a small volume of oxygen gas detected (0.031 L, 1 atm), corresponding to a high initial current efficiency (~93%, Equation 2). However, the rate of persulfate production appeared to decline with prolonged electrolysis; after 3 hours, the Faradaic efficiency was estimated to be ~76.1%. This agrees with the previous report by Davis et al.,17 although the overall efficiency of the present system (in the presence of ammonium cation) is substantially higher.
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Figure 3. Product profiles during the electrolysis of (NH4)2SO4. a) H2 at the cathode compartment, (○) H2_Experimental and (---) H2_Faraday; b) persulfate and O2 at the anode compartment, (□) O2_Experimental, (■) persulfate_Experimental, and (---) persulfate_Faraday. Reaction conditions: volume of electrolyte= 100 mL, electrolyte was a mixture of 2M H2SO4 in 2M (NH4)2SO4, current density= 150 mA cm-2, electrolyte flow rate= 200 mL min-1, T= 15°C, 3 hours. Discrete symbols represent experimental data, data were averaged from two experiments. Dash line was predicted from Faraday’s law. Solid lines are provided only for indicating the general trends and do not represent any experimental meanings.
In order to differentiate the origin(s) for the observed decline in productivity, the flow pattern in the reaction compartment, the effects of electrolyte flow rate, and bubble evolution on mass transport were assessed.
Characterisation of the electrochemical cell

Flow characterisation

The total volume of the anodic compartment was experimentally determined to be 4.88 mL, giving a mean residence time of 88.0 s at a flow rate of 3.33 mL min-1 (200 mL h-1), Figure 4 shows the normalised response (discrete symbols) of the BDD anode compartment to a step change in tracer concentration, i.e., the so-called F(t) curve.

[image: image12.png]08qV/sqV / (Dl

250

200

150

100

50

Time /s




Figure 4. Normalised tracer data (●) at the outlet of the anolyte compartment for a step input. The dashed line (---) indicates the expected behaviour for an ideal plug-flow system. The solid line (—) represents the fitting obtaining using a dispersed flow model (Equation 3).
The non-symmetrical S-shaped response curve clearly indicates that the flow dynamics of the anode compartment does not obey the ideal plug-flow assumption (dash line at time of 88.0 s in Figure 4), i.e. axial dispersion is undoubtedly present in this system. This is expected due to a plastic net acting as a static mixer. Hence, an axially dispersed plug flow (DPF) model is applied to describe the flow throughout the anode compartment. The parameters of the DPF model are the mean residence time τ and the Peclet number Pe. The F(t) curve is an integration of the residence time distribution (RTD) function given by:26, 27
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3
The experimental response is compared with the calculated one from model Equation 3 (Figure 4), the DPF model can represent the experimental data well, suggesting a mean residence time τ of 84.0 s and a Peclet number of 17.8. The value of Pe of a comparable configuration has not been reported, but is of the same order of magnitude as those of the large-scale electrolysis cells presented by Montillet et al. (17.4~34.5)28 and Bengoa et al. (7.2~37.4).29
Mass transport investigation
In electrochemical systems, mass transport effects mostly refer to the transporting of species from the liquid bulk phase to reach the anode. For example, the mass transport processes involving the reactant SO42- ions may be considered to take place via a three-step mechanism:

Mass transport of reactant SO42- to the electrode surface:
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(a)
Electron (or charge) transfer at the surface:
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(b)
Mass transport of product S2O82- away from the electrode:
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(c)
The rate of an electrochemical reaction (step b) is directly proportional to the rate of electron transfer given by the expression:30
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4
where Is is the current for electrolysis of SO42− ions, A; zs is the number of electrons involved in the electrode reaction step b (e.g. zs=1, one mole of electrons for one mole of SO42−); F is the Faraday constant, 96485 C mol-1.

If the overpotential is sufficiently high, the rate of reaction becomes dependent only on the rate at which the reactant SO42- is supplied to the electrode, i.e. mass transport step (a) becomes the rate controlling step. The reaction rate reaches the maximum when the electrode operates at the mass transport limited current (IL):31
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5
where km is the average mass transport coefficient, m s-1; A is the electrode area, m2; and [SO42-] is the concentration of the electroactive species in the bulk electrolyte. In a dispersed plug flow system as described above, km for a specific type of electrolysis in a given reactor configuration can be expressed in the following form:18
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6
where L is the length of active electrode in the direction of the flow, m; D is diffusion coefficient of sulfate ion SO42- in water, m2 s-1; ReL is the dimensionless Reynolds number defined using the electrode length; and Sc is the dimensionless Schmidt number. Re and Sc can be estimated using the expressions below:
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8
where x is the mean linear electrolyte velocity in the cell, m s-1; v is liquid kinetic viscosity, m2 s-1.

As seen from Equations 6 to 8, the mass transport coefficient km is highly dependent on the electrolyte flow rate x (m s-1) (or volumetric flow rate q, m3 s-1).32 Table 1 gives the estimated maximum productivity of persulfate under a completely mass transport controlled regime using Equation 5 and compares this to the observed experimental yield.
Table 1 Comparison of experimental yield of persulfate with estimated maximum production under completely mass transport controlled regime. Reaction conditions: volume of electrolyte= 50 mL, electrolyte was 2M H2SO4 in 2M (NH4)2SO4, current density= 150 mA cm-2, T= 15°C, t= 3 hours.
	
	volumetric flow rates q, [mL min-1]

	
	50
	100
	200
	300

	Re
	292
	584
	1168
	1752

	km, ×10-6 [m s-1] 
	3.16
	4.47
	6.33
	7.75

	Maximum Yield, 100% IL efficiency, [mol]
	0.070
	0.098
	0.139
	0.171

	Experimental Yield, [mol]
	0.059
	0.058
	0.061
	0.059


The experimental effect of the electrolyte flow rate upon the reaction performance was investigated by a set of reactions conducted at volumetric anloyte flow rates of 50 mL min-1, 100 mL min-1, 200 mL min-1, and 300 mL min-1. The other reaction conditions were maintained as: current density of 150 mA cm-2, at a temperature of 15°C for 3 hours.
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Figure 5. Influence of electrolyte flow rate on the reaction performance. Reaction conditions: volume of electrolyte= 50 mL, electrolyte was mixture of 2M (NH4)2SO4 in 2M H2SO4, current density= 150 mA cm-2, T= 15°C, 3 hours.

As clearly seen in Figure 5, no significant difference in yield of total persulfate is observed at the applied flow rates (within experimental error), giving an average production of 0.059 mol after 3 hours. At the lowest flow rate of 50 mL min-1, the maximum persulfate yield (0.070 mol L-1) if under completely mass transport controlled is still approximately 19% higher than the experimental yield (0.059 mol L-1), suggesting that mass transport is not the rate determine step. Thus it is concluded that at the electrolyte flow rate of 50 mL min-1 or above in the present system setup, the reaction was operating under kinetic control.

Reaction system modelling
In order to develop an adequate model for the prediction of experimental results in the present system (Figure 2), a set of balances was developed for the anode compartment.
In the present batch recirculation system, the reactant concentration is a complex function that needs to be resolved spatially and temporally due to coupling of the electrolysis cell (DPF) with the well mixed reservoir (CSTR). For each single pass of the anode compartment (4.88 mL) under applied flow rates, the mean residence time of the anolyte is very short, ranging from 0.98 s (300 mL min-1) to 5.86 s (50 mL min-1). The anode compartment was thus considered as a differential plug-flow reactor (PFR) over the 3 hours of electrochemical reaction. As there is no accumulation of material in the PFR, and the material balance can be written as:

Rate of mass output = Rate of mass input – Rate of disappearance
As the reaction is not limited by mass transport, the rate of disappearance of SO42- is given earlier in Equation 4, and concentrations of the species at the electrode surface are very close to those in the bulk solution. Is in Equation 4 can be expressed by the current density js in Equation 9,18 in which the fraction of the electrode surface covered with or shielded by adhering bubbles (θ) is also considered:
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9
where, ks and kps are forward (anodic) and reverse (cathodic) electrochemical rate constants; m1 and m2 are electrochemical reaction orders for forward and reverse reactions respectively.
The overall material balance of major components of interest (SO42- and S2O82- in anode compartment) is:
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11
where [SO42-]o and [S2O82-]o are defined as the concentrations of sulfate and persulfate at the outlet respectively, mol m-3; [SO42-]i and [S2O82-]i are the corresponding concentrations at the inlet (for initial conditions, [SO42-]i = [SO42-]0= 4000 mol m-3, [S2O82-]i= 0 mol m-3).

An instantaneous material balance over the CSTR for the process gives:
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14
The change of overall volume (V, m3) due to the electrolysis of water to evolve oxygen is also considered, therefore:
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15
where MH2O is the molecular weight of water, kg mol-1; and ρ is the density under operating conditions, kg m-3.
The above equations 9 to 15 were solved using the differential equation solver software Berkeley Madonna.33 Figure 6 shows a good fit of the model to the experimental production data of both, persulfate and oxygen over a time period of 3 hours. Model fitted parameter values are listed in the inset in Figure 6, which suggesting that the electrolysis of sulfate at the surface can be considered as an irreversible process with a reaction order of 0.44 in SO42- concentration. The non-integer value suggests a complex reaction mechanism for the formation of persulfate, which is known to involve hydroxyl radicals.
 ADDIN EN.CITE 
12, 13, 34
 The model also suggests that under the set of reaction conditions, approximately 3.1% of the BDD surface is covered by evolving oxygen gas.
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Figure 6. Modelling of the electrolysis of ammonium sulfate using the Equations 9-15. (■) persulfate_Experimental, (—) persulfate_Modelling, (□) O2_Experimental, and (---) O2_Modelling. Parameter values: θ= 0.031, ks= 3.95×10-4, m1= 0.4365, kps= 6.08779×10-8, m2= ~0. Reaction conditions: 100 mL of 2M (NH4)2SO4 in 2M H2SO4 as anolyte, current density= 150 mA cm-2, flow rate= 200 mL min-1, T= 15°C.
The accelerated oxygen generation rate over time can be explained by an increased anode potential (E) observed over the duration of the process. Based on the Nernst equation, the consumption of the sulfate precursor leads to an increase of the equilibrium potential Eeq_SO42-, thus a shift of the polarisation curve to the right. Under the galvanostatic conditions, anode potential (E) continuously increases in order to accommodate constant current (I). This contributes to a continuous increase of the overpotential of the water electrolysis (E-Eeq_OH-), and, eventually, an increase of the current density for water electrolysis (I-Is).
The following studies were carried out in order to investigate the persulfate productivity by varying different factors, e.g. current density, composition in the anolyte, and the concentration of anolyte.

Effect of current density

Experiments were performed under galvanostatic conditions at different current densities: 50, 100, and 150 mA cm-2, using a mixture of 2M (NH4)2SO4 in 2M H2SO4 as anolyte, at a flow rate of 200 mL min-1, and a temperature of 15°C, for 3 hours.

Figure 7 shows the influence of current density on the generation of H2. In all cases, excellent fits between the experimental (discrete symbols) and theoretical (dashed lines) values were established. Thus, the production rate of hydrogen gas is proportional to the applied current density (inset in Figure 7) and is thus faradaic.

[image: image31]
Figure 7. Profiles of H2 generation at different current density. Discrete symbols represent experimental data: (∆) 50 mA cm-2, (◊) 100 mA cm-2, and (□) 150 mA cm-2. Dash lines (---) represent Faraday values; inset: H2 production rate as a function of current density, solid line represents linear regression. Reaction conditions: 100 mL of 2M (NH4)2SO4 in 2M H2SO4 as anolyte, electrolyte flow rate= 200 mL min-1, T= 15°C, 3 hours.

However at the anode compartment, similar to the observations in Figure 3b, the persulfate production rate declines with time. The total yields of persulfate estimated from the titration analysis after 3 hours showed a reduced current efficiency by increasing the current (Figure 8a). Correspondingly, a significantly accelerated evolution rate of O2 was observed in Figure 8b at a higher current density.
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Figure 8. a) Comparison of experimental (●) and theoretical (○) yield of persulfate after 3 hours; b) Influence of current density on the generation of oxygen, (∆) 50 mA cm-2, (◊) 100 mA cm-2, and (□) 150 mA cm-2, lines represent modelling Equations 9-15. Other reaction conditions: volume of electrolyte= 100 mL, electrolyte flow rate= 200 mL min-1, T= 15°C.

Table 2. Model fitted parameter values at various conditions using Equations 9-15.

	
	Current density

	
	50 mA cm-2
	100 mA cm-2
	150 mA cm-2

	θ
	0.0029
	0.0163
	0.0332

	ks, ×10-4
	1.36
	2.68
	3.97

	m1
	0.44


Modelling equations 9 to 15 were also fitted to the experimental data, with the parameters summarised in Table 2. The model suggests an increase of the gas coverage of the anode surface with the increase of the applied current density, which agrees with the studies of Vogt et al.
 ADDIN EN.CITE 
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 A higher current efficiency obtained in the present work (~76% at 150 mA cm-2, ~82% at 100 mA cm-2, and ~88% at 50 mA cm-2) than the previous study (<45%)17 could be due to the use of ammonium sulphate, whereas sulfuric acid was used in the previous study17. The ammonium salt may be more stable, therefore the persulfate was formed sufficiently fast without much competitive decomposition.
If the aim is to produce a certain concentration of persulfate solution (to meet the dispense requirement for the next oxidation reaction), it can be achieved by adjusting the volume of the anolyte (Figure 9). For example, after three hours reaction time at 50 mA cm-2, a persulfate concentration of 0.503 mol L-1 was obtained using 50 mL of anolyte (~88.4% current efficiency), which was twice as fast as using 100 mL of anolyte (0.244 mol L-1, ~88.0% efficiency) under the same conditions.
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Figure 9. Comparison of the persulfate concentration after 3 hours using different volume of anolyte (mixture of 2M (NH4)2SO4 in 2M H2SO4): (●) 50 mL, (■) 100 mL. Reaction conditions: electrolyte flow rate= 200 mL min-1, T= 15°C.

In addition to the well-fitting model based on material balances, the Faraday charge balance was also examined based on the experimental data. Figure 10 displays electric charge required for corresponding product (i.e. O2 and persulfate at anode compartment, and H2 at cathode compartment) and the total electric charge applied over 3 hours into the system. Within experiment error, electric charge used for producing hydrogen is consistent with the total electric charge from the power supply. However the total electric charge for the production of O2 and persulfate at the anode compartment is somewhat lower than the actual total electric charge. This faradaic loss (~8.6%) could be attributed to the decomposition of the peroxodisulfate, of which the process has been reported to be first order in the persulfate concentration.
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Figure 10. Comparison of electric charge after reaction time of 3 hours. Reaction conditions: volume of electrolyte= 100 mL, electrolyte was mixture of 2M (NH4)2SO4 in 2M H2SO4, current density= 50 mA cm-2, electrolyte flow rate= 200 mL min-1, T= 15°C.
It has been widely reported that peroxodisulfate decomposition in aqueous solutions is favoured by acidic conditions.
 ADDIN EN.CITE 
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 Handling strong acidic solutions also requires special anti-corrosive materials for the equipment, which can be costly. Therefore the following work was carried out using a pure solution of (NH4)2SO4 as the anolyte.

Anoyte without acid
In the absence of acid, a difference on the working potential was noticed during the electrosynthesis process at the same current density of 150 mA cm-2; in this case, a higher cell voltage (additional ~0.5 V) was required.
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Figure 11. Comparison of the working potential in the electrosynthesis of persulfate using different types of anolyte: (■) 2M (NH4)2SO4 in 2M H2SO4, (●) 2M (NH4)2SO4 only, and (▲) 4M (NH4)2SO4 only. Other reaction conditions: volume of anolyte= 100 mL, current density= 150 mA cm-2, electrolyte flow rate= 200 mL min-1, T= 15°C.
In terms of product formation, the same constant current density of 150 mA cm-2 led to the same production rate of hydrogen gas at the cathode compartment (Figure 12a), which were also consistent with Faraday’s Law. After 3 hours (Figure 12b and 12c), electrolysis of 100 mL 2M (NH4)2SO4 produced only 0.595M of persulfate (~58% current efficiency), meanwhile with an O2 evolution of 0.323 L (1.32×10-2 mol at 1 atm). This could be attributed to the reduced concentration of sulfate ions, i.e. less Is (Equation 9) is required for converting sulfate while the electrolysis of water was accelerated due to a larger I-Is. With this in mind, the electrolysis of 4M (NH4)2SO4 was performed, which led to the formation of 0.749M of persulfate and 0.104 L of O2 (0.42×10-2 mol at 1 atm) after 3 hours, corresponding to a current efficiency of 77%.
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Figure 12. Comparison of product yield as the function of time in the electrosynthesis of persulfate using different anolyte. a) H2; b) (NH4)2S2O8; and c) O2. Discrete symbols represent experimental data: (□/■) 2M (NH4)2SO4 in 2M H2SO4, (○/●) 2M (NH4)2SO4 only, and (∆/▲) 4M (NH4)2SO4 only. Dash lines (---) represent Faradic production. Other reaction conditions: volume of anolyte= 100 mL, current density= 150 mA cm-2, electrolyte flow rate= 200 mL min-1, T= 15°C.

CONCLUSIONS
An electrochemical flow reactor was constructed for studying the efficiency of generating ammonium peroxysulfate under acidic and neutral conditions. The dispersion in the reaction (anolyte) compartment can be described by a plug flow model with axial dispersion. During the electrolysis of ammonium sulfate using a BDD anode, a high current efficiency can be achieved in the initial stage (~93%, 150 mA cm-2, ≤1 hour), which declines over time. This is the first time that detailed mass- and charge balances have been performed to evaluate the true efficiency of these processes. The concentration of the anolyte is found to have a considerable influence on the persulfate productivity and current efficiency. Electrolysis under constant current density of 150 mA cm-2 for 3 hours, yields approximately 0.74M of persulfate from 100 mL of a mixed solution of 2M H2SO4 and 2M (NH4)2SO4 (~76% current efficiency). Notably, the same level of productivity and current efficiency can be achieved using 4M of (NH4)2SO4 in the absence of added acid. Applications of these oxidants in organic synthesis are being explored, and will be reported in due course.
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