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Abstract

:

Unsuccessfully treated by the existing wastewater-treatment processes, caffeine concentrations in wastewater effluents and natural reservoirs are constantly rising. Photodegradation treatment processes are drawing much attention due to their potential to oxidize and remove such, and similar contaminating compounds from treated waters. In continuation to our previous work on the photodegradation kinetics of caffeine in water by UV/H2O2 and UV/TiO2, this work evaluates the influence of various electrolytes, including NaCl, KCl, MgCl2, NaBr, and KBr, on the kinetics of the UV/H2O2 photodegradation of caffeine, aiming at estimating the efficiency of the method in more complex water systems. Results show that the efficiency of the UV/H2O2 photodegradation reactions is strongly affected by ionic strength and the presence of electrolytes in the solution. While chloride electrolytes were shown to optimize or reduce the process efficiency pending on their concentration. The sole presence of NaBr and KBr shows an immediate reduction in the efficiency of the photodegradation. Empirical apparent-rate-coefficients and curves describing the effect of the different electrolytes on the photodegradation kinetics of caffeine are presented.
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1. Introduction


Caffeine is a naturally occurring alkaloid compound widely consumed by the world’s population, with an estimated average daily per capita consumption of about 320 mg day−1 [1]. Thus, it is widely identified in seawater, lakes, and aquifers around the globe [2,3,4,5], consequently rising concerns regarding its potential impact on natural ecosystems, as well as on agriculture and aquaculture. Such concerns intensify in arid countries where potable desalinated water is regularly consumed, and wastewaters are widely recycled for agriculture use [6].



With the wide recognition of caffeine and other pharmaceutical and personal care products (PPCPs) as emerging contaminants in the aquatic environment [4,7,8,9], there is an increasing demand to incorporate innovative and complementary water-treatment technologies in municipal wastewater-treatment facilities, in order to reduce the presence of emerging contaminants from the treated effluents [10,11,12]. Thus, a comprehensive evaluation of the photodegradation kinetics of such contaminants and the possible effect of other constituents in the solution is crucial for the optimization and scale-up of new emerging technologies.



Advanced oxidation processes (AOP) are defined as “those which involve the generation of hydroxyl radicals in sufficient quantity to affect water purification” [13]. AOPs include several catalytic or non-catalytic processes that take advantage of the high oxidizing capacity of such radicals, regardless of how this radical is generated [9]. Research on AOP processes increases constantly [14]. Many AOP processes and technologies are being developed and evaluated to tackle the efficient removal of pollutants with the minimum formation of hazardous byproducts [15,16,17,18,19,20]. In our previous study [21], we experimentally evaluated the degradation kinetics of pure caffeine solutions by UV/H2O2 means and established new empirical and theoretical rate laws that describe the degradation kinetics at various UV-C doses (1.9–15.2 mJ cm−2 s−1, λ = 254 nm).



Despite great advances in the field, there are rising concerns regarding the efficiency and ability of AOP processes in general, and UV/H2O2 photodegradation methods and technologies to cope with large-scale water treatments that include solutions like brines, seawater and common wastewater. These solutions may challenge degradation technologies as they include inorganic salts, large organic loads, and solid particles, which may significantly change the way degradation reactions occur [22,23,24,25,26,27]. For example, it was shown that chloride, nitrate, perchlorate, and sulfate ions considerably influence the oxidation of organic compounds by Fenton’s process performed in the dark [28]. Furthermore, AOP processes might yield to the formation of dangerous halogenated compounds [29]. Thus, such solutions are mostly avoided as their complexity may impose technical challenges as well as barriers in the interpretation of experimental results. Therefore, a more gradually complexation of the experimental solutions may bridge up the gap.



Aiming to estimate the efficiency of the UV/H2O2 photodegradation method in more complex water systems, we expanded our experimental work by introducing various electrolytes into the caffeine solution. The photodegradation kinetics of caffeine in solutions containing different concentrations of NaCl, KCl, MgCl2, NaBr, and KBr were evaluated. The finding of this work may be used as a preliminary guideline for future research and the evaluation of UV/H2O2 treatments in more complex solutions.




2. Results and Discussion


2.1. Caffeine Photodegradation in the Presence of NaCl, KCl and MgCl2 Electrolytes


The photodegradation of caffeine as a function of NaCl, KCl, and MgCl2 concentration is presented in Figure 1. The red marked plot in all panels shows the experimental results of an experiment without electrolytes (further referred to as “base-line”), plots obtained above and below the “base-line”, show to have slower or faster kinetics respectively. Note that not all the experimental results are plotted in Figure 1; since results in the range of 1–100 Mm NaCl and 1–50 mM KCl tend to have similar rate coefficients (within uncertainty), their results overlap and therefore, are represented by a single representative experiment in each plot. The experiments show a removal rate of ~80%–95% (further degradation was not evaluated due to analytical limitations). The photodegradation trend fits very well with pseudo-zero-order kinetics (Appendix A) as shown by the linear decrease in the relative concentration A with time (Equation (A1)). Compared to the “base-line”, the apparent rate coefficient kapp in experiments with very low electrolytes concentrations (<50 mM for KCl and <100 mM for NaCl) appears to be stable (within uncertainties) with a slightly higher efficiency increases as it can be measured by the decrease in half-life time (as seen in Figure 1) from about 8 to 5–7 min. Each rate coefficient shows an average increase of 31%, 27%, and 39% respectively (Figure 2), whereas, in experiments with higher concentrations, it shows to follow a logarithmic decline. Consequently, in those experiments (>0.5 M of NaCl and KCl), the apparent rate coefficient decreases below the “base-line” resulting in a slower reaction rate. Half-life time increases up to 15 min for NaCl and even 20 min for KCl (Figure 1). An exception was obtained in experiments with MgCl2, where reaction rates stayed above the “base-line” at concentrations of up to 0.5 M (Figure 3), which was the maximum concentration tested for that electrolyte. Note that due to a lack of sufficient data, the regression of the MgCl2 experiments is only an approximation, and no equation is provided.



The improved photodegradation at low concentrations of sodium and potassium chloride, accompanied by a decrease in efficiency at higher concentrations correlate with other recent findings that reported photodegradation rates in the presence of low concentrations of electrolytes [24,25,26]. MgCl2 behaves differently, with improved efficiency at 0.1 M remaining stable at 0.5 M.



Lanzafame et al. (2017) reported a higher photodegradation rate while photodegrading methyl-anthranilate in the presence of a low concentration of NaCl (0.1 M) and suggested a possible explanation to these phenomena, based on the affinity of chloride to accelerate UV/H2O2 photodegradation reactions by scavenging ·HO radicals and yielding “more reactive” Cl2− radicals as described in the following reaction path (Equations (1)–(3)) [24]:


HO + Cl− ↔ HOCl− [Keq,1 = 0.70 M−1],



(1)






HOCl−·+ H+ ↔ H2O + Cl· [Keq,2 = 1.6 × 107 M−1],



(2)






Cl·+ Cl− ↔ Cl2− [Keq,3 = 1.9 × 105 M−1].



(3)







It should be taken into account that the suggested mechanism by Lanzafame et al., (2017) reduces the concentration of the hydroxyl radicals in the solution (i.e., ·HO), therefore occasionally it might reduce the efficiency of the process if the product of the process (Cl2−) results to be less efficient in the degradation of the tested compound. However, the mentioned researchers deduced that the product’s degradation efficiency is larger than that of ·HO.



Despite the possible positive effect Cl− may have on the photodegradation rates, slower rates were measured in the experiments with high chloride concentrations (0.5, 1, and 3 M). In order to determine the optimal concentration of electrolyte for maximum efficiency and minimum half-life time, a continuation study including additional experimental data-points in the range of 0.1–1 M of chloride salts is needed. Such a study might help to elucidate the full degradation path.



As a preliminary assumption, we hypothesize that the positive influence on the photodegradation rates attributed to the newly formed chlorine radicals might be hindered at high electrolyte concentrations experiments (>0.5 M) by other possible influences related to the very high ionic strength. At such conditions, the activity coefficient of the species in solution reaches relatively high values. For example, the activity coefficients of Cl− and Na+ increase from 0.077 to 0.644 and from 0.079 to 0.781 when solution concentrations increase from 0.1 and 1 M for NaCl and KCl respectively (calculated using Phreeqc v.3, USGS, USA [30]). Therefore, the possible effect of such changes on the overall chemical processes, including photodegradation cannot be ruled out.



The possible influence of the different cations is also unclear. By comparing experiments with concentrations higher than 100 mM of KCl and NaCl, similar trends can be seen but at different degradation rates (Figure 3). On the other hand, Mg2+ has a much stable behavior than the monovalent cations, even though each mole of MgCl2 has twice as moles of Cl− than Mg2+. In general, it seems that Mg2+ yields a completely different effect from the observed with Na+ or K+. It can also be seen that Mg2+ tends to enhance the reaction rate and lower the time required for degradation (see Figure 1c). Such differences might be related to specific interactions or the different hydration shells, however, further studies are required in order to fully elucidate the possible effect of each specific cation (K+, Na+ and, Mg2+) on photodegradation kinetics, and research on the full degradation mechanisms is needed.




2.2. Caffeine Photodegradation in the Presence of KBr and NaBr Electrolytes


The presence KBr and NaBr electrolytes had a strong impact on the photodegradation rates of caffeine, as the apparent rate coefficient decreased by more than 40% in the presence of a very low concentration of roughly 1 mM of KBr or NaBr (Figure 2). Both bromide salts follow a similar degradation trend, implying that the Br− anion is the one responsible for the observed effect. Similar to the other discussed electrolytes, the apparent rate coefficient to decreased logarithmically as the concentration increased. The apparent rate coefficient as a function of a low-range NaBr concentration (<10 mM) in the presence of different H2O2 concentrations is shown in Figure 4 and Figure 5. As previously seen, the results show a significant decrease in the photodegradation rate of caffeine, while NaBr is introduced into the solution.



This sharp decrease in the photodegradation rate can be explained by two H2O2 competing decomposition-reactions which take place simultaneously in the solution: (a) photocatalytic decomposition, which creates ·OH radicals by decomposing H2O2 with UVC radiation (Equation (4)); (b) Br− catalysis, on which Br− acts as a catalyst in the decomposition reaction of H2O2 in the solution, and turns H2O2 into H2O and O2 (Equations (5) and (6)) [31].


H2O2 + hv → 2·OH,



(4)






H2O2 + 2Br− + 2H+ → Br2 + 2H2O,



(5)






Br2 + H2O2 → 2Br− + 2H+ + O2.



(6)







The Br− catalytic reaction appears to have much faster kinetics than the photocatalytic reaction has, resulting in low concentrations of ·OH radicals, which are an essential component in any degradation process. Therefore, the introduction of any Br− into the system may eventually prevent the photocatalytic degradation reaction to take place as expected.



Further reinforcement to this conclusion can be seen in Figure 5 wherein experiments with higher concentrations of H2O2 have higher degradation efficiency, proving that the lack of ·OH radicals may be the reason for the reduction of the photodegradation efficiency.



Apparently, pH should have a direct impact on the H2O2 decomposition catalyzed by Br−, since protons react according to Equation (5) but are a product of Equation (6); their total concentration remains unchanged and their influence is mainly on the rate of decomposition of H2O2 that increases at very low pH values [31]. However, it remains significant even at neutral pH as it is shown in our study.



Figure 4 and Figure 5 present calculated apparent rate coefficients for Equation (A1), according to a pseudo-zero-order process, since such order yields a relatively good fit for all experiments. Table A1 in Appendix B presents the apparent rate coefficients and the empirical equations for each order, and their relative R2 fitting parameters.



It can be seen that at high NaBr concentrations (see Table A2), the fit to pseudo-zero-order decreases and a slightly better fit (in terms of R2) to pseudo-first, and even -second-order reaction is observed. We assume that if those slight differences indicate real effects, this might be ascribed to the fact that as bromine concentration increases, the influence on the H2O2-degradation changes the overall process, making the influence of caffeine concentration more significant. Such changes in the order of the process can only be fully elucidated by finding a full set of elementary steps for the whole process as presented in the past for processes like Michaelis-Menten, Lindeman-Hindelwood, or even our previous study [21].





3. Materials and Methods


The degradation kinetics of caffeine in the presence of the different electrolytes was evaluated by performing a series of batch experiments in a mini photochemical chamber reactor following the same procedure previously described at Rendel and Rytwo, (2020) [21]. Electrolyte solutions with concentrations ranging from 1.0 mM to 3.0 M were prepared by mixing their corresponding salts (Sigma-Aldrich, St. Louis, MI, USA) with deionized water. Final solutions containing both caffeine and the different electrolytes were exposed to UV-C radiation (254 nm wavelength and intensity of 15.2 mJ cm−2 s−1) in the presence of 81.5 µmol L−1 (2.77 mg L−1) H2O2 oxidation agent (Merck, Darmstadt, Germany). An exception was done in the experiments with NaBr were H2O2 concentration varies in the range of 16.3–163 µmol L−1 (0.55–5.54 mg L−1). A detailed experimental plan is presented in Table 1.



Experimental Setup


The degradation reaction was performed in a Rayonet RMR-600 mini photochemical chamber reactor (Southern New England Ultraviolet Company, Branford, CT, USA) and periodically sampled for UV–VIS spectroscopy measurement of caffeine concentration in a 8452A diode array spectrophotometer driven by Chemstation 06.03 software (Hewlett Packard Palo Alto, Ca, USA). Following the same protocol detailed described in Reference [21]. The uncertainty of the measurements was estimated at less than 3%.





4. Summary and Conclusions


Considering the present constituents in treated waters are crucial to accurately evaluate the efficiency of AOP processes, this study presents an experimental work performed to elucidate the effect of electrolytes on the photocatalytic degradation process, using caffeine as a representative PPCPs substance contaminating the aquatic environment. The experimental work focused on the effect caused by the presence of different concentrations of chloride and bromide electrolytes in caffeine solutions, reacting in a photocatalytic reactor in the presence of H2O2. As for relatively low chloride electrolytes, the results (Figure 2), show that the apparent rate coefficient (as presented in Equation (A1)) increased, whereas at higher electrolyte concentrations a decrease in kapp was observed in the presence of monovalent cations, whereas as for a divalent cation (Mg2+) this effect was not seen. The results as presented in Figure 3 show good agreement with the regression equations that empirically correlate between the apparent coefficient and the electrolyte concentration. Such kind of empirical curve might be used in combination with pseudo-rate-laws (as Equation (A1)) to deliver an evaluation of photodegradation processes at different electrolyte concentrations in the range of 0.1–3 M.



This study provides further evidence on the crucial role electrolytes might have, either in the creation of potential radicals that contribute to the acceleration or inhibition of the degradation reaction (as in Cl−) or in the complete “quenching” of the degradation (as in Br−).



As for the chloride electrolytes, no clear explanation was found for the differences in efficiency as a function of Cl− concentration, although it may be assumed that the overall reduction of the reaction rate at high salt concentrations may be related to effects of the ionic strength on the activity coefficients, to the formation of other species, or the influence of specific cations in the solution matrix, as has been shown in the case of KCl and NaCl. It can be concluded that waters with up to 100 mM of chloridic electrolytes have a good response to photocatalytic degradation treatments, but a possible reduction in the process efficiency may be found at higher concentrations. On the other hand, MgCl2 has an overall positive effect on the photodegradation reaction rates (Figure 3). If the effect is proven to be real for other cases, this electrolyte may be considered as a potential additive to accelerate photodegradation reactions. However, additional studies are required to indeed fully understand if it is a specific effect of Mg2+ or if other divalent (as Ca2+) or even trivalent (Y3+, La3+) cations act similarly when added as chloride salts.



As mentioned above, for the bromidic electrolytes, measurements show a massive decrease in the reaction rate even at very low electrolyte concentrations, completely interfering with the photodegradation process in the presence of more than 1 mM Br−, as shown in Figure 4. This could be assumed a priori, considering studies on the fast catalytic degradation of H2O2 by Br− ions in the solution [31], leading to a reduction in oxidation potential due to the lack of ·OH radicals created by the interaction with the UVC radiation. It can be concluded that even at low concentrations of Br− in solution (either in natural water or in industrial effluents) UV/H2O2 degradation processes should be completely avoided.



In summary, this work exhibits an empiric relation between the presence of different electrolytes and their effect on caffeine degradation rates, as well as some preliminary hypotheses on the possible reasons leading to these changes. The presented conclusions, as well as the apparent coefficients equations combined with Equation (A1) pseudo-rate-law, can be used as a preliminary guideline to evaluate the potential effect of dissolved electrolytes in water and effluents’ treatments based on UV/H2O2 technologies.
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Appendix A


Apparent Rate Coefficient Calculations


Caffeine degradation can be defined by a simple rate law while considering all parameters (e.g., degradation agent concentration, irradiation rate, temperature, etc.) as constant:


  υ =   d  [ C ]    d t   =  k  a p p      [ C ]     n  a p p     ,  



(A1)




where  υ  is the reaction rate, kapp is the apparent rate coefficient, C is the caffeine concentration and napp is the apparent or “pseudo” reaction order. napp can be found empirically and is related to the mechanism by which the process occurs. The term “pseudo” is usually used to acknowledge the fact that all other influencing parameters (degradation agent, temperature, light, etc.) were kept constant, either actually (as in catalysts) or virtually (their initial concentration was so large that the change in concentration was insignificant [32].



To simplify the calculations and allow comparisons between parameters in different reaction mechanisms, the “relative concentration at time t” (A) was defined as Ct/C0 (the ratio of actual to initial concentration); thus A0 = 1. Since A is dimensionless, none of the parameters had concentration units. This is convenient since it yields apparent kinetic coefficients that always have dimensions per time, regardless of the order of the process [16]. Specific rate laws for pseudo zero and first-order kinetics are shown in Appendix B at Rendel and Rytwo, (2020) [21].
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Table A1. Apparent rate coefficients for Equation (A1) at pseudo-zero, -first, and -second-order reaction derived from the NaBr-KBr experimental results.






Table A1. Apparent rate coefficients for Equation (A1) at pseudo-zero, -first, and -second-order reaction derived from the NaBr-KBr experimental results.





	
Exp. #

	
Apparent Rate Coefficient kapp [min−1]




	
Pseudo-Zero-Order

	
R2

	
Pseudo-First-Order

	
R2

	
Pseudo-Second-Order

	
R2






	
32

	
0.0090

	
0.9374

	
0.0150

	
0.9987

	
0.0288

	
0.9485




	
33

	
0.0049

	
0.9347

	
0.0063

	
0.9831

	
0.0084

	
0.9974




	
34

	
0.0029

	
0.8980

	
0.0035

	
0.9423

	
0.0050

	
0.9916




	
35

	
0.0286

	
0.9914

	
0.0451

	
0.9771

	
0.0799

	
0.8629




	
36

	
0.0230

	
0.9902

	
0.0368

	
0.9755

	
0.0669

	
0.8508




	
37

	
0.0111

	
0.9626

	
0.0168

	
0.9985

	
0.0283

	
0.9564




	
38

	
0.0054

	
0.9307

	
0.0072

	
0.9859

	
0.0098

	
0.9980




	
39

	
0.0365

	
0.9936

	
0.0614

	
0.9788

	
0.1320

	
0.8342




	
40

	
0.0126

	
0.9318

	
0.0208

	
0.9988

	
0.0392

	
0.9389




	
41

	
0.0058

	
0.7668

	
0.0091

	
0.9398

	
0.0157

	
0.9930




	
42

	
0.0598

	
0.9919

	
0.0934

	
0.9842

	
0.1625

	
0.8967




	
43

	
0.0208

	
0.9630

	
0.0348

	
0.9921

	
0.0784

	
0.8814




	
44

	
0.0108

	
0.9194

	
0.0176

	
0.9972

	
0.0340

	
0.9691




	
45

	
0.0341

	
0.9906

	
0.0504

	
0.9901

	
0.1009

	
0.8736




	
46

	
0.0111

	
0.8709

	
0.0205

	
0.9958

	
0.0467

	
0.9304




	
47

	
0.0069

	
0.8704

	
0.0101

	
0.9659

	
0.0159

	
0.9934








An estimated 5% uncertainty is considered for the presented apparent rate coefficient values.
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Table A2. Equations for the evaluation of the apparent rate coefficients in Equation (A1), assuming pseudo-zero, -first, or -second-order reaction derived from the NaBr-KBr experimental results.






Table A2. Equations for the evaluation of the apparent rate coefficients in Equation (A1), assuming pseudo-zero, -first, or -second-order reaction derived from the NaBr-KBr experimental results.





	

	
Empirical Curves






	
NaBr [mM]

	
Pseudo-zero-order

	
R2

	
Pseudo-first-order

	
R2

	
Pseudo-second-order

	
R2




	
1

	
kapp = 0.0216ln([H2O2]) − 0.0542

	
0.96

	
kapp = 0.0338ln([H2O2]) − 0.0836

	
0.98

	
kapp = 0.0609ln([H2O2]) − 0.1461

	
0.97




	
5

	
kapp = 0.0064ln([H2O2]) − 0.0134

	
0.94

	
kapp = 0.0117ln([H2O2]) − 0.0271

	
0.95

	
kapp = 0.0287ln([H2O2]) − 0.0761

	
0.92




	
10

	
kapp = 0.0031ln([H2O2]) − 0.0063

	
0.87

	
kapp = 0.0057ln([H2O2]) − 0.0135

	
0.89

	
kapp = 0.0119ln([H2O2]) − 0.0316

	
0.86




	
H2O2 [µM]

	
Pseudo-zero-order

	
R2

	
Pseudo-first-order

	
R2

	
Pseudo-second-order

	
R2




	
163.0

	
kapp = −0.022ln([NaBr]) + 0.2095

	
0.99

	
kapp = −0.034ln([NaBr]) + 0.3240

	
0.99

	
kapp = −0.055ln([NaBr]) + 0.5448

	
0.99




	
81.50

	
kapp = −0.014ln([NaBr]) + 0.1300

	
0.99

	
kapp = −0.023ln([NaBr]) + 0.2206

	
0.99

	
kapp = −0.052ln([NaBr]) + 0.4874

	
0.99




	
40.75

	
kapp = −0.008ln([NaBr]) + 0.0761

	
0.99

	
kapp = −0.013ln([NaBr]) + 0.1237

	
0.99

	
kapp = −0.024ln([NaBr]) + 0.2277

	
0.99




	
16.30

	
kapp = −0.003ln([NaBr]) + 0.0272

	
0.99

	
kapp = −0.005ln([NaBr]) + 0.0499

	
0.99

	
kapp = −0.011ln([NaBr]) + 0.1023

	
0.97
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Figure 1. Degradation of caffeine as a function of time, at various NaCl (a), KCl (b), and MgCl2 (c) concentrations. Plots were evaluated using a pseudo-zero-order kinetic model. 
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Figure 2. Apparent rate coefficients (kapp) as a function of low electrolytes concentrations (<120 mM). (electrolytes are represented by different symbols). Dashed plots represent a logarithmic regression fitting as described by the equations in Figure 2. 
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Figure 3. Apparent rate coefficients (kapp) as a function of electrolyte concentration (electrolytes are represented by different symbols). Dashed plots represent a logarithmic regression fitting as described by the equations inside the figure. 
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Figure 4. Apparent rate coefficients (kapp) as a function of NaBr concentrations, in the presence of different H2O2 concentrations in µM (16.3, 40.75, 81.5 and 163 represented by the different colors: red, purple, blue and green respectively). Dashed plots represent a logarithmic regression fitting as described by the equations. 
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Figure 5. Apparent rate coefficients (kapp) as a function of H2O2 concentrations, in the presence of different NaBr concentrations in mM (10, 5, 1, and 0 represented by the different colors: red, purple, blue and green respectively). Dashed plots represent a logarithmic regression fitting as described by the equations. 
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Table 1. Experiments and results.
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	Exp. #
	Electrolyte Type
	Electrolyte Concentration [mmol L−1]
	H2O2 Concentration [µmol L−1]
	Apparent Rate Coefficient kapp [min−1]





	1
	Non,Baseline
	0
	81.5
	0.0607



	2
	NaCl
	1
	81.5
	0.0760



	3
	NaCl
	3
	81.5
	0.0816



	4
	NaCl
	5
	81.5
	0.0805



	5
	NaCl
	10
	81.5
	0.0796



	6
	NaCl
	25
	81.5
	0.0794



	7
	NaCl
	50
	81.5
	0.0821



	8
	NaCl
	75
	81.5
	0.0802



	9
	NaCl
	90
	81.5
	0.0772



	10
	NaCl
	100
	81.5
	0.0786



	11
	NaCl
	1000
	81.5
	0.0493



	12
	NaCl
	3000
	81.5
	0.0320



	13
	KCl
	1
	81.5
	0.0725



	14
	KCl
	1.5
	81.5
	0.0804



	15
	KCl
	3
	81.5
	0.0851



	16
	KCl
	5
	81.5
	0.0762



	17
	KCl
	10
	81.5
	0.0742



	18
	KCl
	15
	81.5
	0.0744



	19
	KCl
	20
	81.5
	0.0768



	20
	KCl
	25
	81.5
	0.0831



	21
	KCl
	30
	81.5
	0.0800



	22
	KCl
	40
	81.5
	0.0766



	23
	KCl
	50
	81.5
	0.0695



	24
	KCl
	100
	81.5
	0.0607



	25
	KCl
	500
	81.5
	0.0450



	26
	KCl
	1000
	81.5
	0.0387



	27
	KCl
	3000
	81.5
	0.0237



	28
	MgCl2
	1
	81.5
	0.0771



	29
	MgCl2
	10
	81.5
	0.0917



	30
	MgCl2
	100
	81.5
	0.0929



	31
	MgCl2
	500
	81.5
	0.0896



	32
	NaBr
	1
	16.3
	0.0090



	33
	NaBr
	5
	16.3
	0.0049



	34
	NaBr
	10
	16.3
	0.0029



	35
	NaBr
	0.5
	40.75
	0.0286



	36
	NaBr
	1
	40.75
	0.0230



	37
	NaBr
	5
	40.75
	0.0111



	38
	NaBr
	10
	40.75
	0.0054



	39
	NaBr
	1
	81.5
	0.0365



	40
	NaBr
	5
	81.5
	0.0126



	41
	NaBr
	10
	81.5
	0.0058



	42
	NaBr
	1
	163
	0.0598



	43
	NaBr
	5
	163
	0.0208



	44
	NaBr
	10
	163
	0.0108



	45
	KBr
	1
	81.5
	0.0341



	46
	KBr
	5
	81.5
	0.0111



	47
	KBr
	10
	81.5
	0.0069







All experiments conducted with a caffeine concentration of 19.6 mg L−1, a 5% uncertainty is estimated for the apparent rate-coefficients.
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