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ABSTRACT
Limestone can be used to generate a sorbent suitable for CO2 capture via the reversible carbonation of CaO, in a process often referred to as Calcium Looping.  This sorbent loses reactivity to CO2 upon cycles of carbonation and calcination (the reverse of carbonation).  Several methods of improving sorbent performance have previously been investigated, including by generating synthetic sorbents or simple doping.  Here, we demonstrate, for the first time, that sorbent performance can be enhanced by simple doping with seawater.  This effect is consistent across five different limestones investigated and can be enhanced by steam addition.  This would be a simple and inexpensive method for improving sorbent performance in Calcium Looping processes.
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1. Introduction
Several CO2 capture and storage processes have been proposed to reduce the emissions from power generation and industrial installations.  Calcium looping, a process based on the separation of CO2 from a flue gas stream using regenerable solid sorbents using a CaO/CaCO3 carbonation/calcination loop, is currently demonstrating its potential for CO2 capture1–3.  A significant advantage of this technology is that the regenerable sorbent used, typically natural limestone (or a derivative thereof), is cheap and widely available 4,5.  However, a rapid deactivation, or loss in activity, of the sorbent is observed upon repeated cycles of carbonation and calcination 6,7.  This has resulted in several studies investigating viable options to prevent or reduce deactivation8,9,10.
Several approaches to reduce the impact of the loss of sorbent carrying capacity have been proposed: thermal preactivation of fresh sorbent11; water and steam reactivation of unreactive sorbent12,13; the use of steam in the carbonation and/or calcination stage14,15; synthesis of novel CaO-sorbents16,17 and doping of natural sorbents18–20.  In addition, synergies between these reactivation methods have been investigated21,22.  Both the presence of steam during carbonation and calcination15 and simple doping the natural sorbents with salts18,20  have demonstrated the ability to improve the capacity of sorbent over long numbers of carbonation/calcination cycles.  Previous studies have found that the presence of 10% steam during carbonation/calcination cycles enhanced the long-term carrying capacity of the sorbent by a factor of ~215.  When steam was present and the sorbent was doped with a 0.167mol % HBr solution, the long-term carrying capacity of the sorbent was increased further, in some cases by more than a factor of 321.  Moreover, although the use of doping limestone with 0.167% HBr increases the cost of the materials, this cost is lower than the economically competitive investment for the increases of the maximum average capture capacity of CaO reported by Romeo et al.23  
Doping with a solution of the low cost and wide availability of seawater would be unlikely to increase the cost of sorbent to much above that of the parent limestone; although, there would be an additional penalty for drying of the doped sorbent. Previously researchers have investigated this as a result. Morona et al.24 studied the use of seawater as a dopant with aluminate cement CaO-based pellets, reporting a negligible effect on the carbonation conversion for those sorbents. Previously to Morona et al.24, researchers had investigated NaCl doping25,26 and replacing DI water with seawater in a pellet preparation procedure27, observing a negative effect on the carrying capacity upon doping; this potentially resulted from relatively large quantities of dopant being used, with over-doping being shown elsewhere to be deleterious to sorbent performance18–20.   Here, we revisit sea water doping at a variety of doping extents for Longcliffe limestone, followed by investigation of several limestones with a single doping extent and the addition of steam.  The work also has interest for applications where Ca looping is used to capture CO2 from the off-gases of reactors burning fuels high in chlorine, such as wastes.
2. Materials and Methods
2.1. Materials and physical measurements
Havelock (Canada), Longcliffe (United Kingdom), Purbeck (United Kingdom), Compostilla (Spain) and Cadomin (Canada) limestones, sieved to size fractions of 500-710 m, were investigated in this work. An ADC MGA-3000 analyzer was used to detect CO2 in the off-gas of the reactor.   
2.2. Chemical compositions and doping procedure
The chemical compositions of the five limestones used in this study, as determined by x-ray fluorescence, have been presented in full elsewhere21.  Longcliffe is the purest limestone (98.9% CaCO3) and Purbeck is the least pure (87.8% CaCO3), with Havelock (93.6% CaCO3), Compostilla (93.5% CaCO3) and Cadomin (94.3%) midway in-between.  SiO2 was the most significant impurity in Havelock and Purbeck, and both MgCO3 and SiO2 were the most significant impurities in Compostilla and Cadomin.  Samples of the limestones were doped with seawater using a quantitative wet impregnation method described previously19,21.  This method consists of preparing 2.10-6m3 of seawater solution (typically < 1.5.10-7 m3 of seawater itself), diluted in D.I. water, which is then shaken and poured over 4 g of limestone in a petri-dish and dried in an oven at 105ºC for one hour. Following this method, five different solutions with 80, 100, 120, 130 and 150.10-9 m3 of seawater solution were prepared.
	2.3. Experimental procedure
Doped and undoped samples were subjected to repeated cycles of carbonation and calcination using a fluidizing bed reactor (FBR), described elsewhere28 and modified for use with steam15,21, either in the presence of 0 or 10 vol-% steam.   The reactor consists of a quartz tube (internal diameter 21 mm), located within an externally resistance-heated tube furnace.  A small fluidised bed of sand (12.5 ± 0.1 g; sieved to 355-425 m) was supported upon a porous quartz frit located half-way up the quartz tube.  The temperature of the fluidised bed was measured in situ using a type-K thermocouple and was used to control the power supplied to the furnace.  All experiments were carried out with a total fixed flow-rate of 170.10-6 m3/s (800 ºC), at atmospheric pressure, such that the U/Umf for the limestone was about 8, as calculated for calcination conditions using a correlation provided by Wen and Yu29.  The inlet gas concentration of CO2 for both calcination and carbonation was 15% (v/v).  The balance gas used was N2.  The steam concentration, when used, was set to 10%, following work performed by previous authors 15,21.
The calcination temperature was set to 900 ºC and the carbonation temperature to 650 ºC in all the experiments, except for the initial scoping experiments using Longcliffe, where the carbonation temperature was 700 ºC.  The hold times were 600 s, including heating or cooling times at an average rate of about 0.9 ºC/s.  Upon start-up of each experiment, the sand was added to the bed and the concentration of CO2 was calibrated against a calibration gas made up to 15% CO2, balance N2 (BOC).  Once the calcination temperature was reached, 4 ± 0.1 g of limestone was added and the cycling program was started.  Further details of the development of the experimental protocols are available 15,21,27. 
Thirteen cycles of carbonation and calcination were performed for each experiment; this was the maximum number of cycles possible to be performed in a day, owing to the long time required for stabilisation of steam flow-rate.  The molar conversion of CaO to CaCO3 at the end of the Nth carbonation (the carrying capacity, XN) was calculated as the average of the number of moles of CO2 taken up in carbonation and released in the subsequent calcination divided by the number of moles of CaO in the original limestone.  The carrying capacity behaviour over the 13 cycles was modelled using the Grasa equation7, Equation 1.  Residual capacities (Xr) and decay constants (k) were calculated for each experiment using a least squares minimisation.

                                                                    (1)

3. Results and Discussion
3.1. Demonstration of Principle using Longcliffe Limestone

Figure 1.

[bookmark: _Hlk41148894]Figure 1(a) shows the carrying capacity for Longcliffe limestone for the duration of the 13 cycle experiments.   The carrying capacity of Longcliffe limestone was increased by doping with seawater.   The increase of carrying capacity at 13 cycles upon doping by 80.10-9 m3 seawater was greater than achieved by increasing the seawater doping concentration further.   It was noted that the carrying capacity at 13 cycles was found to decrease when the seawater doping was increased above 130.10-9 m3.   Figure 1(b) shows the Grasa constants (see Equation 1) for the same experiments, where k is the decay constant and Xr is the residual capacity (the conversion at N = ∞).   The residual capacity was found to increase with increasing seawater doping volume, approaching a maxima of ~ 0.2 above 120.10-9 m3.  The decay constant was found to keep increasing in the range investigated.
3.2. Investigation of Several Limestones 

Figure 2.
[bookmark: _Hlk41148975]Figure 2 shows the performance of Cadomin, Compostilla, Havelock and Purbeck limestones upon cycling.  The experiments carried out with each limestone were: (i) undoped limestone with no steam; (ii) undoped limestone with 10% steam; and (iii) doped limestone with 10% steam.  Doping was carried out with 0.1.10-6 m3 seawater and 1.9. 10-6  m3 of de-ionised water.  Note that the carbonation temperature for this section was 650 °C, rather than the 700 °C used for Longcliffe; note that typically performance over several cycles in a fluidised bed is similar for these carbonation temperatures (see Supplementary Information SI1).  For all limestones, the experiments with steam improved the carrying capacity; results reported were similar to that reported by Donat et al.15.  In addition, for all limestones, the seawater doped samples with steam showed an additional improvement on top of the steam experiments over most cycles, with a slight decrease in performance in the early cycles; results were similar to those for experiments with steam and HBr doping, as reported by Gonzalez et al.21.

3.3. Comparison with Previous Work
[bookmark: _Hlk41149344]Here, it has been demonstrated that seawater doping can be used as a method for improving the performance of natural CaO-based sorbents for CO2 capture.  This is something that had not been previously apparent from previous studies on NaCl doping by Salvador et al.26 and Fennell et al.25, and seawater doping by Erans et al.27, which all found deleterious effects on the carrying capacity after doping (though Salvador et al.26  reported some increase in the long-term performance in a TGA, but not in a fluidised bed).  One potential reason for the difference between behaviour of sorbents doped with NaCl in the literature and doping with seawater here is the ratio of dopant to limestone.  Here, when considering a 4 g limestone sample doped with 1.10-7 m3 of seawater, with a concentration of 1.05.104 g/m3 Na+ and 1.9.104 g/m3 Cl- 29 the doping concentrations were 2.6.10-4 g [Na+]/g [original limestone] and 4.7.10-4 g [Cl-]/g [original limestone].  In comparison, Salvador et al.26  doped with 0.5% mol [NaCl]/mol [CaCO3], which corresponds to 1.11.10-3 g [Na+]/g [original limestone] and 1.71.10-3  g [Cl-]/g [original limestone].  Fennell et al.25  used a non-quantitative doping procedure, where they doped 10 g limestone with an excess of 0.5 M NaCl solution, which was decanted off before drying.  Assuming that doping through this procedure occurs largely through any ions remaining in solution when drying starts, it would only take for 2.29.10-7 m3 of the NaCl solution to be remaining to meet the level of Na+ doping described in our work and 2.68.10-7 m3 for Cl-; it is likely, therefore, that the level of doping exceeded that reported in this paper.  Erans et al.27 replaced deionised water with seawater in a procedure for producing pellets from a mixture of 80% calcium oxide, 10% flour and 10% calcium aluminate cement.  From fractions of Na2O and CaO in elemental analyses provided (Cl2O not given), it can be calculated that an approximate 1.3.10-2 g [Na2O] / g [CaO] was added upon doping (assuming a similar proportion of Na2O in the calcium aluminate cement to the limestone).  This corresponds to an equivalent of 5.4.10-3 g [Na+] / g [CaCO3], which is excess of that used in this paper.  This behaviour is consistent with deleterious effects observed by over-doping reported elsewhere18–20.

3. Conclusions
Seawater doping, as presented here, is a simple and potentially inexpensive method of improving the performance of fresh limestones for CO2 capture.  It is effective across limestones and enhanced by the addition of steam, which is likely to be present in the calcination and carbonation vessels.  Chlorides may also be present in some applications, broadening the interest in this work.   It is only effective at relatively low doping concentrations, optimised here at 2.6.10-4 g [Na+]/g [original limestone] and 4.7.10-4 g [Cl-]/g [original limestone] for Longcliffe limestone.  Calculations show that it is likely that other researchers investigating seawater and NaCl doping of limestone for calcium looping processes, who reported reductions in reactivity, over-doped their sorbents.
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Fig. 1.  a) Longcliffe limestone doped with solutions prepared with different amounts of seawater; b) Grasa coefficients for the same experiments.
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Fig. 2.  Cadomin, Compostilla, Purbeck and Havelock limestones with seawater and steam.
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