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Abstract
Efflorescence and subflorescence are frequent phenomena occurring in buildings of porous inorganic materials such as bricks, stone, and concrete. Since the above phenomena have detrimental effects, they were the subject of detailed physicochemical investigations. Efflorescence on wooden material was commonly observed on collection artefacts treated with preservatives such as inorganic salts or organic pesticides. Occurrence of efflorescence in historical wooden buildings was less studied although it could cause serious conservation concerns. This paper describes an examination of chemical and mineralogical composition of salt efflorescence in wooden buildings. In situ analysis by X-ray fluorescence spectrometry was followed by investigation of plain efflorescence by infrared spectrometry, X-ray diffraction, electron microscopy, and electron probe microanalysis. Quantitative analysis of purified efflorescence was performed by plasma atomic emission spectrometry, ion chromatography and absorption spectrophotometry. In addition, depth-profiling of characteristic ions in wood was performed. The objects of study were a series of log houses of the Sverresborg Trøndelag Folk Museum in Trondheim, Norway. It was found that the efflorescence in these buildings includes a series of metal ions, the most abundant being Al3+, Mg2+, Zn2+, K+, Na+, and Fe2+. In addition the ammonium ion is present in a large amount. The single detected anion is sulfate. Actually, the efflorescence consists of a mixture of simple and double sulfate salts of alum and Tutton’s compound types. Identified Tutton’s compounds are mohrite ((NH4)2Fe(SO4)2·6H2O), ammonium zinc sulfate hexahydrate ((NH4)2Zn(SO4)2·6H2O)), and boussingaultite ((NH4)2Mg(SO4)2·6H2O)). Among the alums, both tschermigite (NH4Al(SO4)2·12H2O), and potassium alum (KAl(SO4)2·12H2O)) were detected. The composition of efflorescence suggests that the wooden material was treated with a blend of sulfate salts ((NH4)2SO4, Al2(SO4)3·18H2O, MgSO4·7H2O, FeSO4·7H2O, ZnSO4·7H2O, and Na2SO4·10H2O)) for protection against fire and biological degradation. The efflorescence appeared as a consequence of water leakage through the roof that led to the dissolution of the salts contained in the wood, followed by evaporation and salt crystallization at the surface in the form of double sulfate salts. Although the occurrence of efflorescence in this case was accidental, a natural and more frequent cause of efflorescence could be the deliquescence of inorganic preservatives impregnated in the wood.
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Stony are the work of Nature, and wooden are the fashionings of man; or at least they used to be while the natural order of things prevailed in the world [1]

Background
Wood was, and is still, one of the most common materials connected to human civilization. However, as an organic material, wood is vulnerable to both blaze and biological degradation. Hence, during the industrial era, various methods for protection against the above risks were developed. Although protection of wooden building material is currently a largely settled problem [2–4] challenges still arise when dealing with preservation of wooden heritage artifacts that undergone deterioration before being uncovered and stored under appropriate conditions. Conservation of wooden artworks is mostly based on treatment with chemicals to protect against fire and biological degradation. If the cellulose network is largely damaged, consolidation of the surviving fragile structure is also attempted [5]. Unfortunately, preservation technologies applied in the past caused often subsequent problems for both the conservation and health. Well known are in this respect the health hazards arising from treatment with pesticides and the associated decontamination issues [6, 7].
Before the advent of pesticide, wood artworks were protected by treatment with inorganic biocides and inorganic flame retardants. As a side effect, certain inorganic preservatives, such as boric acid, borax, and potassium alum, may give rise to efflorescence with detrimental effect not only on the appearance but also on the long-term stability of the wood structure [5].
In this work, efflorescence denotes the precipitation of salts from a supersaturated solution included in a porous substratum when the liquid–vapor interface remains at the surface of the porous medium. When the evaporation occurs within a porous medium, the process is termed as subflorescence or crypto-florescence [8]. Frequently, efflorescence also denotes the product of the efflorescence process. The above definition of efflorescence is largely employed in building technology science but it differs from that accepted in chemistry [9].
Salt efflorescence is a common degradation process in masonry materials such as concrete and brick and was studied extensively [8, 10, 11]. Conversely, investigations of efflorescence in wooden buildings are scarce. It is worth mentioning in this respect the survey of efflorescence in a series of wooden shrines in Korea [12]. In this case, efflorescence, which produced painting exfoliation and bleaching phenomena, was put into relation with flame retardants contained in the wood.
This work introduces a protocol for the examination of salt efflorescence in historical wooden buildings with a focus on its chemical and mineralogical composition. The protocol combines in situ analysis by X-ray fluorescence spectrometry, laboratory tests on both plain and purified efflorescence, and depth-profiling of non-biogenic chemicals in the wood materials. Ensuing data allow assessing the cause of efflorescence, its impact on the building conservation, health hazards, and the appraisal of possible remediation techniques.
The application of this protocol is exemplified by the investigation of the efflorescence in eighteenth century pine log buildings from the mining city of Røros, Norway, which were relocated to the Sverresborg Trøndelag Folk Museum in Trondheim, Norway, in 1917 [13, 14]. These buildings are designated Aspaas House, Tronshart House, and Travelers’ Stable. The Aspaas House (Fig. 1) is a three-store log house in the baroque style which belonged to a middle class owner. The Tronshart House is a modest lower class house, composed of a room at the ground floor and another one in the attic. In both buildings, indoor efflorescence occurred, producing sparse deposits of translucent crystals on certain areas of the ceilings and the walls. There are no reliable information on the cause and the period when the efflorescence appeared. Although no efflorescence occurs in Travelers’ Stable, this building was also investigated because it belongs to the same group.[image: A40494_2016_99_Fig1_HTML.jpg]
Fig. 1North facade of the Aspaas House at the Sverresborg Trøndelag Folk Museum (Trondheim, Norway)




                     

Experimental procedures
Outline of sampling and investigation protocol
Investigation of the efflorescence process and products included four steps, namely (1) on site investigations and sampling; (2) laboratory investigation of plain efflorescence; (3) chemical analysis of recrystallized efflorescence; (4) depth-profiling of non-biogenic chemicals in the wooden material.
On-site investigations and sampling
X-ray fluorescence spectrometry (XRF) performed by means of a portable instrument was used for the identification of chemical elements on both efflorescence-coated and efflorescence-free areas.
Efflorescence samples were collected into plastic vials by means of a plastic scalpel from the ceiling and the wall of Aspaas House (denoted ASP1 and ASP2, respectively), and from Tronshart House. Besides, wood cores (10 cm length and 0.5 cm diameter) were collected from both intact and efflorescence-coated areas in the Aspaas House using an increment borer. If present, the efflorescence was removed from the surface before collecting the core.

Laboratory investigation of plain efflorescence
This step included (1) morphology investigation by optical microscopy and back-scattered electrons imaging (BSE); (2) identification and mapping of chemical elements by electron probe microanalysis (EPMA); (3) identification of molecular species by Fourier transform-infrared spectrometry (FT-IR); (4) mineralogical analysis by X-ray diffraction (XRD); (5) confirmatory qualitative micro-chemical tests.

Analysis of recrystallized efflorescence
Portions of efflorescence samples were dissolved in purified water and filtered through red dot (medium dense, medium fast filtering) quantitative filter paper. The filtrate was centrifuged at 8 °C for 2 h at 20,000 rpm. The supernatant was collected with a Pasteur pipette and subjected to recrystallization at room temperature and normal pressure in order to mimic the conditions under which the efflorescence developed. Quantitative analysis of recrystallized material was performed after dissolving 3–5 mg in 25.0 ml purified water, followed by element determination by inductively-coupled plasma atomic emission spectrometry (ICP-AES), anion determination by ion chromatography (IC), and ammonium determination by absorption spectrophotometry.

Depth-profiling of non-biogenic chemical substances in wood
Core samples were divided into five 2 cm sections. Each section was weighed, gently crushed and subjected to salt leaching by shaking in 25 ml purified water for 2 days. Finally, the solution was purified by filtration as above, and analyzed for ammonium and sulfate ions.


Methods
All chemicals were of reagent-grade quality. Purified water (18 MΩ cm−1 resistivity) was obtained by a MiliQ (Millipore) system. Centrifugation was done using a Sorvall® 5C-Plus centrifuge. Microscope investigation was performed with an AmScopeTM ZM-1T binocular stereomicroscope. On-site XRF analyses was performed under helium purge by a portable NITON XL3t 900 spectrometer (Thermo Fisher Scientific) operated in the mining mode. Regression analysis of XRF data was performed by means of the Minitab statistical software package. A Hitachi S-3400 N scanning electron microscope equipped with an X-Max Energy Dispersive X-Ray Analyzer (Oxford Instruments) was used for both BSE imaging and EPMA investigations (acceleration voltage, 15–20 kV; lifetime <30 s). K X-ray series were recorded for all elements except zinc (L series). XRD was performed by a Bruker D8 Focus diffractometer using Cu Kα radiation (tube operating parameters: 40 kV and 40 mA) and a LynxEye™ SuperSpeed detector. The scanned interval was from 2θ = 10° to 35° stepping at 0.010° every 0.5 s. Diffraction patterns were interpreted by the PDF (ICDD) in-build library of standard compounds. Transmission infrared spectra were collected using an AVATAR 330 FT-IR spectrometer from Thermo Fisher Scientific. Spectra were obtained as KBr pellets containing 1 mg sample to 100 mg KBr (FT-IR grade ≥99 %, Sigma Aldrich Inc.) by averaging 32 scans for the signal and the background, with a spectral resolution of 4 cm−1. Quantitative analyses by ICP-AES were done by an Optima 4300DV instrument (Perkin Elmer). Anion determination by IC was performed with a Dionex DX-120 instrument. The concentration of ammonium ion was determined by absorption spectrophotometry according to standard methods [15, 16].
The accuracy of the quantitative analysis was checked by means of the ionic charge balance according to the guidelines in [17, 18]. Briefly, total cation and total anion charges (E
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where A is the average of cation and anion total charges in absolute values:[image: $$A = (E_{c} + \left| {E_{a} } \right|)/2$$]

 (3)


                        
Qualitative microchemical tests were conducted according to well-known procedures [19] in order to assess the presence of ammonium (Nessler’s test), sulfate (barium chloride test) chloride (silver nitrate test), and carbonate (acid test) in the plain efflorescence material.


Results
On-site investigations
Efflorescence in Aspaas House occurs on certain areas on walls and ceilings in the 2nd and 3rd floor but is absent at the ground floor. In Tronshart House, efflorescence is coating the entire southern wall in the attic and also appears on the upper quarter of the wall below, in the ground floor. Efflorescence location excludes the possibility of salt transfer from the ground by water infiltration. The crystal deposit is not compact but appears as a pattern of isolated crystalline formations (Fig. 2). This morphology is typical of efflorescence growth [20].[image: A40494_2016_99_Fig2_HTML.jpg]
Fig. 2Efflorescence on the ceiling of Aspaas House in the second floor




                        
Identification of chemical elements in efflorescence was performed by XRF spectrometry. XRF investigations encompassed a series of non-painted wallboards and log spots in Aspaas House, Tronshart House and Travelers’ Stable and included original building materials with and without efflorescence. Besides, logs installed as replacements during rehabilitation in 2002 were also tested and used as blank specimens.
Recently-installed logs display only elements commonly present in wood [21], namely, magnesium (about 0.1 %), potassium (0.01–1.0 %), calcium (about 0.15 %), and silicon (0.2–0.3 %). Besides the above elements, the original wooden material displays aluminum, zinc, iron, manganese, and copper. Magnesium and potassium are present in the original material at concentrations much higher than in blanks, which demonstrates that these elements are mainly of non-biogenic origin. Besides, the sulfur Kα line is evident in most of the spectra collected from the original material but the sulfur content was not reported by the instrument probably due to the calibration procedure. The sulfur line is missing in all blanks spectra.
As stated in “Methods” section, the XRF instrument was operated in the mining mode. This is not suited for quantitative analysis of inorganic material included in an organic matrix (wood) and no better calibration mode was available. Therefore, it was preferred to consider further not the reported concentrations but the intensity of Kα lines of representative elements. It was assumed that the line intensity is proportional to the element concentration. Among the detected elements, sulfur, potassium, calcium, iron, and manganese were selected for further data analysis. The reason for this selection is the fact that these elements display Kα lines clearly separated from the background in most of the tested spots. Aluminum and magnesium Kα lines are hardly detectable and these elements will be omitted in the comments below.
As a working hypothesis, it was assumed that the detected elements have a common origin, i.e., the same kind of salt is present all over in the investigated buildings. A common origin of elements can be proved by examining the correlation between element concentrations at various tested spots. As reported concentrations are not accurate, line intensities (in counts per second) were measured on each X-ray spectrum and correlations between line intensities of representative elements were examined. It was thus found that potassium-sulfur and manganese-sulfur linear correlations are statistically significant at a significance level 0.05 (p < 0.05). Data from all investigated buildings were included in the above test. The iron-sulfur linear correlation is also statistically significant but only for data from Aspaas House. This is explained by the absence of iron in most of the data sets collected in other buildings. Calcium line shows random variations and do not correlate with the sulfur line. Apparently, calcium is present mostly as a natural component of wood. From the above results it appears that at least sulfur, potassium, manganese and iron have a common origin and the efflorescence contains most probably sulfate salts. The common origin of the above elements allows considering them as indicators of salt presence.
The indicator elements are present at all efflorescence-coated spots. If the crystal deposit at a given spot is removed by brushing, line intensities of the indicator elements are reduced but are still much higher than in blanks. This implies that salts are present not only at the surface but also within the original wooden material.
Line intensities at an efflorescence-free spot are only slightly lower than those recorded at a nearby efflorescence-coated spot on the same building component. This is an additional evidence of the salt presence within the wood. Moreover, if the outdoor surface of an original log, which is exposed to weather, is considered, the content of each indicator elements is almost similar to that in the blanks. Hence, the inorganic compounds present in the wood are water-soluble and were washed out by precipitation from outdoor areas of the buildings. The absence of salt contamination on external surfaces proves also that the salts cannot originate from the environment.
Despite no visible efflorescence in Travelers’ Stable, indicator elements were detected in this building as well. On a small portion of an original log, from which a wood layer about 5 mm thick had been removed by carving (during a recent repair), the indicator elements were found at concentrations lower than on an intact spot on the same log. Therefore, the indicator elements are present not only at the surface of the material but also within a peripheral layer at least 5 mm thick.
In summary, XRF data demonstrated that the efflorescence contains a mixture of magnesium, potassium, zinc, iron, and aluminum salts (probably sulfates). A similar mixture was found at efflorescence-free spots nearby efflorescence-coated spots and also in certain efflorescence-free building elements. As XRF cannot detect light elements, the presence of such elements cannot be excluded and it remains to identify them by laboratory assays. Taking into account the aspect of efflorescence-coated areas, the efflorescence may be put in relation with water leakage through the roof sometime in the past.

Investigations of plain efflorescence
FT-IR spectrometry data
The investigated efflorescence samples display similar bands (Fig. 3) which suggest similar chemical compositions as far as molecular species are concerned. Further data interpretation was conducted using the guidelines in [22–24].[image: A40494_2016_99_Fig3_HTML.gif]
Fig. 3Infrared spectra of the ASP1 and ASP2 specimens




                           
As sulfur was found in the efflorescence by XRF, the presence of sulfate anion was first checked. The normal vibrations of the free sulfate ion in aqueous solutions are known to occur at the following wavenumbers (in cm−1): 1105 (ν3-asymmetric S–O stretch), 983 (ν1-symmetric S–O stretch), 611 (ν4-asymmetric [image: $${\text{SO}}_{4}^{{2 - }}$$] bending), and 450 (ν2-symmetric [image: $${\text{SO}}_{4}^{{2 - }}$$] bending) [22]. However, in the crystal state, the normal modes may shift or split due to various interactions. The above modes can be identified in efflorescence spectra as follows; 1090 and 1170 (ν3), 978 (ν1), 611 (ν4), and 457 (ν2) cm−1. The splitting of the ν3 band was noticed previously for certain double sulfate salts such as aluminium potassium sulfate dodecahydrate (potassium alum, KAl(SO4)2·12H2O) [25, 26] and Tutton’s compounds, which have the general formula M2IMII(SO4)2·6H2O, where MI is a monovalent- and MII is a divalent cation [27–29]. Given the content in metal elements determined by XRF, the occurrence of double sulfate salts in the efflorescence appears as very likely.
As the presence of crystallization water is highly probable, water characteristic bands were searched using available data for solid water [22] and selected hydrated metal sulfates. Although the band at 3350 cm−1 rests within the region of OH group stretching in metal (II) sulfates hexahydrates [30], its assignation to water may be doubtful due to the intricate pattern in this zone. A more reliable assignation can be made for the water bands at 1620 (bending), and 918 and 687 cm−1 (libration) by analogy with potassium alum [25, 26].
Further, the ammonium ion was ascertained in the efflorescence samples. Besides the normal mode vibration frequencies of ammonium (3040 (ν1), 1680 (ν2), 3145 (ν3), and 1400 (ν4) cm−1 [22]), a series of lattice modes and combination bands appear in spectra of common salts such as ammonium chloride [31]. By analogy, the series of four shoulders between 3000 and 3200 cm−1 in Fig. 3 can be ascribed to the ammonium ion. Within this interval, the ν3 mode as well as three distinct combination bands occur in ammonium chloride [31] but are hardly visible in the sample spectrum due to overlapping by the water band at 3350 cm−1. A more consistent identification of ammonium ion can be done by bands in the region of ν4 (asymmetric bending mode) where three bands at 1398, 1431, and 1470 cm−1 can be clearly distinguished in the sample spectrum. The first two appear at similar frequency in ammonium chloride spectrum [31]. All of the above three bands can be retrieved in the spectra of ammonium-containing Tutton’s salts such as (NH4)2Mg(SO4)2·6H2O [28] and (NH4)2Zn(SO4)2·6H2O [29] but are missing in the spectrum of an ammonium-less Tutton’s salt such as K2Mg(SO4)2·6H2O [28]. Except the band at 1470 cm−1, all ammonium bands in the sample spectrum are also present in the spectrum of aluminium ammonium sulfate dodecahydrate (ammonium alum, NH4Al(SO4)2·12H2O) [32]. Therefore, besides the metals detected by XRF, the ammonium ion is present in the efflorescence. It is likely that this ion is included as the monovalent ion in double sulfate salts of alum and Tutton’s compound types. Besides, characteristic bands of nitrate and carbonate ions were not found in efflorescence spectra.
Qualitative microchemical tests for sulfate and ammonium gave positive results while chloride and carbonate ion were not detected in this way.

XRD investigations
XRD patterns (Fig. 4) indicate the presence of two classes of double sulfate salts already mentioned, namely alums and Tutton’s salts. Two alums, namely potassium alum and tschermigite (ammonium alum) were identified in both samples. They can be distinguished by the fine structure details in the diffraction pattern at 2θ about 20° as shown in the expanded view in Fig. 4.[image: A40494_2016_99_Fig4_HTML.gif]
Fig. 4XRD patterns of plain efflorescence specimens




                           
Among various Tutton’s salts, each of mohrite ((NH4)2Fe(SO4)2·6H2O), ammonium zinc sulfate hexahydrate ((NH4)2Zn(SO4)2·6H2O)), and boussingaultite ((NH4)2Mg(SO4)2·6H2O)) provide a good match with the sample XRD pattern but due to their similar crystal structure it is impossible to distinguish between them. Actually, a solution containing magnesium, zinc, and ammonium sulfate gives rise by crystallization to a series of compounds with the general formula ZnxMg(1−x)(NH4)2(SO4)2·6H2O [33]. Mixed crystals of this type may also form at least a part of the efflorescence.

BSE and EPMA investigations
EPMA assays indicated oxygen, sulfur, aluminum, magnesium, and zinc as the most abundant elements. Iron and potassium are also present at significant levels whereas silicon and manganese and are present as minor components. These results are in agreement with XRF data.
Figure 5a displays a BSE image of efflorescence. In agreement with optical microscopy observations, it proves that the efflorescence consists of crystals of sub-millimeter size. Next images in Fig. 5 display the mapping of elements within the ASP1 specimen. Both oxygen and sulfur maps (Fig. 5b, c respectively) match very well the BSE image (Fig. 5a) proving an abundant occurrence and an even distribution of these elements within the efflorescence material. Other major elements, such as magnesium (d) and aluminium (e) display a similar trend. Less abundant elements (Zn, Fe, and K) are also uniformly spread within the specimen.[image: A40494_2016_99_Fig5_HTML.jpg]
Fig. 5EPMA elemental mapping for the ASP1 specimen. a BSE image. b–h mapping of elements indicated on each picture 




                           
At a 10 times higher magnification, the distribution of the elements appears less even, as shown in Fig. 6. An interpretation of data in this figure can be done in the light of the FT-IR and XRD data above. Thus, sulfur and oxygen, which are present in the form of the sulfate ion, are found at each spot. At spots 1, 2, and 3, divalent metal ions (Mg2+, Zn2+, Fe2+, and Mn2+) are accompanied by the monovalent potassium cation which suggest a that Tutton’s salt occurs at each point. So, the lowest crystal is formed of zinc and iron Tutton’s salts whereas at the upper part of the figure, magnesium Tutton’s salt is mixed with similar salts of zinc and iron. Manganese seems to had been concentrated as a co-cation in magnesium-based Tutton’s salts (spot 1) due to the similarity of ionic radia of the two ions [34]. Most probably, each of the above crystals is a mixed Tutton’s salt crystal containing at least two different divalent cations. Since iron accompanies divalent cations, it can be inferred that it is present as the iron (II) ion. As far as the spots 4 are concerned, the elemental composition suggests that the pertinent crystal consists of aluminium alum. As ammonium was identified by FT-IR spectrometry, this ion is certainly included in both alums and Tutton’s salt as a second monovalent ion, besides potassium.[image: A40494_2016_99_Fig6_HTML.jpg]
Fig. 6Higher magnification BSE image and single-point elemental composition for the ASP1 sample




                           
In conclusion, the efflorescence contains a series of alums and Tutton’s salts. In these double salts, the monovalent cations are ammonium and potassium. The single trivalent cation in alums is aluminium whereas Tutton’s salt contains various divalent cations (Mg2+, Zn2+, Fe2+, and Mn2+).


Quantitative analysis of purified efflorescence
Previous data proved that efflorescence from different locations in the Aspaas House are quite similar as far as the chemical composition is concerned. That is why, quantitative analytical investigations focused on the ASP2 sample. The XRD pattern of the purified ASP2 specimen was similar to that of the plain efflorescence, which indicates that laboratory recrystallization occurred mostly in the same way as the efflorescence process.
The results of the quantitative analysis of purified efflorescence are summarized in Table 1 which includes only the 8 most abundant cations that account for 98 mass % of the total amount of cations. The contents (in mg g−1) of the remaining metal elements are, as follows: manganese, 2.9; lead, 0.8; copper, 0.8; nickel, 0.2; cobalt, 0.1. The most abundant cations are ammonium, zinc, aluminum, and magnesium. Among the inorganic anions searched ([image: $${\text{SO}}_{4}^{{2 - }}$$], [image: $${\text{NO}}_{3}^{{-}}$$], [image: $${\text{NO}}_{2}^{{-}}$$], [image: $${\text{HPO}}_{4}^{{2-}}$$], F−, Cl−, and Br−), IC evidenced the sulfate anion only.Table 1Content of ions and double salts in recrystallized efflorescence from Aspaas House


	Ion
	Ion content, mg g−1
                                          
	Possible sulfate salts
	Metal salt content, mg g−1
                                          

	Sulfate ([image: $${\text{SO}}_{4}^{{2 - }}$$])
	440.9
	 	 
	Ammonium ([image: $${\text{NH}}_{4}^{{+}}$$])
	48.0
	 	 
	Zinc (Zn2+)
	26.6
	(NH4)2Zn(SO4)2·6H2O
	163.1

	Aluminum (Al3+)
	21.3
	NH4Al(SO4)2·12H2O
	192.1

	KAl(SO4)2·12H2O
	172.7

	Magnesium (Mg2+)
	17.3
	(NH4)2Mg(SO4)2·6H2O
	256.0

	Potassium (K+)
	14.2
	See Aluminum entry

	Iron (Fe2+)
	13.7
	(NH4)2Fe(SO4)2·6H2O
	 92.6

	Sodium (Na+)
	7.4
	Na2SO4·10H2O
	103.9

	Calcium (Ca2+)
	4.6
	CaSO4·2H2O
	19.6

	 	 	 	Sum 1025.7




                        
The accuracy of the quantitative analysis results was assessed by the charge balance calculated according to Eq. (2). The resulted imbalance was −4.1 % which falls within the limits of analysis errors.
In order to look for possible stoichiometric relationships, the cation content was recalculated in terms of mole percent with respect to the total number of moles of cations in the specimen. The results (Fig. 7) prove that ammonium accounts for about half of the total number of moles of cations. Next come aluminium and magnesium that are present in about similar mole fractions, while zinc content represents approximately half of the aluminium one. Sodium, potassium, and iron are present at even lower concentrations whilst the contribution of minor constituents such as calcium, manganese and copper is less than 3 % of the total cations content.[image: A40494_2016_99_Fig7_HTML.gif]
Fig. 7Cation content in the recrystallized efflorescence as percent of total number of moles of cations




                        
Taking into consideration the stoichiometric relationships, it was attempted to infer the contents of double sulfate salts that may occur in the recrystallized material. To this end, it was assumed that aluminium is present as potassium alum whereas Mg2+, Zn2+, and Fe2+ are included in Tutton’s compounds with ammonium as the second ion. Supposed salts, as well as salt contents calculated under the above assumptions are given in Table 1. The mass balance demonstrated that the total salt amount thus calculated overcomes by only 3 % the right one. However, the double salt composition in Table 1 should be viewed as a formal one inasmuch as potassium and ammonium are interchangeable in both alums and Tutton’s salt and, at the same time, mixed Tutton’s salts, containing two different divalent cations may occur. But, as ammonium largely overcomes potassium (Fig. 7) double salts will contain mostly ammonium as the monovalent ion.
The efflorescence in Tronshart House is also composed of sulfate salts but its composition is less intricate. Among the cations detected in a recrystallized specimen, only ammonium and magnesium are present at large concentrations (57.5 and 28.2 mol %, respectively, of the total number of cation moles). Certainly, these two ions arise from wood treatment with preservative salts. Potassium (5.6 %), sodium (4.7 %), manganese (2.5 %), zinc (0.8 %), and calcium (0.7 %) that are also present, originate most likely from the minerals components of wood and impurities in the preservative salts.

Salt content within the wooden material
XRF data demonstrated that whatever the occurrence of efflorescence, salts are present in wooden material down to a certain depth. The depth of penetration was assessed by the analysis of drill core samples with focus on the most abundant components in the efflorescence, i.e., ammonium and sulfate. Figure 8 shows the depth-profile of ammonium and sulfate concentration in a drill core collected from a wall area coated with efflorescence. It proves that the concentration of each of the above ion is rather high within the first 2 cm thick layer but decreases sharply with the distance from the surface and practically vanishes beyond a depth of 6 cm. For comparison, in a drill core sample from a recently installed log the sulfate ion content varies around 0.04 mg g−1 all along the core while the ammonium content is below the LOD (2 μmol/g) throughout the whole core sample.[image: A40494_2016_99_Fig8_HTML.gif]
Fig. 8Sulfate- and ammonium ion depth profiles in an efflorescence-coated log of Aspaas House




                        
In conclusion, the efflorescence occurs only on wooden material that contains a significant amount of salts within its structure. Most of the salt amount included in wooden material is localized within an about 6 cm thick layer.


Discussion
The protocol here envisaged allowed performing a characterization of the efflorescence in the buildings under investigation. On site examinations by XRF led to the identification of a number of chemical elements in the efflorescence and ascertained the occurrence of inorganic salts not only over the wooden material but also within the peripheral wood layer. Laboratory assays of the plain efflorescence brought about supplementary details on the chemical composition by disclosing additional chemical elements and molecular species, and revealing the occurrence of double salts of the alum and Tutton’s compound types. Finally, chemical analysis of the recrystallized efflorescence provided an accurate assessment of the ionic composition of the specimen.
Depth profiling of representative ions (ammonium and sulfate in the present case) ascertained the occurrence of the salts within the peripheral layer down to about 6 cm. If these ions are missing from the efflorescence, other indicator ions can be selected and determined by suited methods such as ICP-OE or IC.
The efflorescence in Aspaas House consists of inorganic sulfate salts containing the following major cations: ammonium, aluminium, magnesium, zinc, potassium, sodium, and iron. Ammonium accounts for about half of total moles of cations.
In order to ascertain the origin of the efflorescence it would be of interest to look first at the content of inorganic components in wood. A compilation of nutrient content in gymnosperms wood (as mass % of dry matter) shows the following average figures for metal ions: calcium, 0.097 ± 0.101, potassium, 0.080 ± 0.120, and magnesium, 0.019 ± 0.012 [35]. Besides the nutrient elements (nitrogen, phosphorus, potassium, calcium, magnesium), iron, copper, zinc, sodium and manganese are present at the ppt concentration level in wood [21]. Consequently, the main components of the efflorescence cannot be of biogenic origin but arise rather from the products of a preservation treatment applied to the wooden material. Most likely, the treatment was applied to the building elements before they were re-assembled on the museum site at the beginning of the twentieth century. At that time, impregnation of museum wood artifacts with inorganic biocides and fire retardants was a well-established practice [5].
The most likely cause of efflorescence seems to be water leakage at a not-recorded date, probably due to roof damage. Leaking water penetrated the wood and dissolved the salts inside forming a salt solution contained within a thin layer at the surface. Subsequent water evaporation and salt crystallization occurred after stopping the water leakage.
According to data in Table 1, most of the efflorescence in Aspaas House consists of double sulfate salts of the alum and Tutton’s salt types. However, except for potassium alum and ammonium iron sulfates, which were available as industrial products at the moment of house reassembling, other double sulfates cannot originate from the salt blend applied to logs. More probably, the original salt mixture consisted mostly of simple sulfate salts that generated double salts thereafter, during the crystallization process. The chemical composition of the efflorescence suggests that the impregnation mixture had the following composition (inferred content is given in mass % for each salt): ammonium sulfate ((NH4)2SO4; 30), aluminium sulfate (Al2(SO4)3·18H2O; 15), magnesium sulfate (MgSO4·7H2O; 15), iron(II) sulfate (FeSO4·7H2O; 15), zinc sulfate (ZnSO4·7H2O; 10), sodium sulfate (Na2SO4·10H2O; 10), and potassium alum (KAl(SO4)2·12H2O; 5). When such a mixture is dissolved, the large content of ammonium ion renders the solution slightly acidic, thus preventing oxidation of iron (II) [36] as well as the hydrolysis of aluminium and other hydrated cations. Manganese and other low-concentration elements may originate from either mineral components of the wood or impurities in the preservative salt blend.
The composition of the efflorescence in the Tronshart House is less intricate. Its chemical composition suggests that it may contain a Tutton’s salt ((NH4)2Mg(SO4)2·6H2O) but also plain ammonium sulfate.
It was already stated that efflorescence is associated with salt crystallization from a solution contained in a porous substrate. In typical efflorescence, salt-containing solution is constantly supplied by capillary action to the evaporation front so that the front position remains unchanged. Conversely, if moisture reaches the salt-containing porous substrate either accidentally or by deliquescence, subsequent evaporation will involve only a limited amount of solution. Consequently, salt precipitation may start at the surface as efflorescence and continue inside the material as subflorescence. This is the case of the buildings investigated in this paper.
According to literature data, single salts or mixtures of only a few salts were commonly utilized in the past for wood conservation [5]. The complex composition of the salt formulation applied to the Aspaas House is therefore an intriguing exception. Certainly, this intricate formulation was intended to provide effective protection against both fire and biological degradation. The preservative mixture applied to the material in Tronshart House, which is of a less architectural importance, consisted only of ammonium and magnesium sulfates, probably for economy reasons.
The effectiveness of the treatment can be assessed in terms of toxicity to microorganisms, permanency, retention, and depth of penetration into the wood [37]. It is known that salts of alkali metals, magnesium, and zinc (especially sulfates and chlorides) were applied to wood artifacts for biocidal purpose until the advent of organic biocides [5, 7]. The salt blend applied to the Aspaas wooden material contains sulfates of all the above-mentioned metals. Among the above ions, zinc appears as the most efficient biocide and zinc chloride was widely used as a preservative at the beginning of the twentieth century [4]. At the same time, since magnesium and sodium sulfates were used in the past as fire retardants [5], it may be assumed that these salts were selected in order to offer double protection. However, the permanency of soluble salts is only satisfactory in the indoor where the material is not exposed to water. As expected, XRF data proved that the salts were washed out by precipitation from the outdoor areas. The retention (i.e., the amount of preservative that must be impregnated into a specific volume of wood) seems to be satisfactory as far as the peripheral layer is concerned, but the depth of penetration is rather low.
Fire protection is provided by several components of the applied salt blend. Ammonium sulfate, which is the most abundant salt in the treatment mixture, is a well-known flame retardant [38, 39]. At elevated temperature, it decomposes and releases gaseous ammonia and sulfur oxides, which dilute the flammable gases produced by cellulose pyrolysis. At the same time, these gases blanket surfaces and limit the access of atmospheric oxygen to the fiery zone thus reducing the rate of charring [40]. Similar protection is provided by water vapor originating from crystallization water that is abundant in the mixture components.
The above fire protection mechanisms are of physical nature. But flame-retardation action is also provided by a chemical mechanism based on charring via dehydration of cellulose below the flaming temperature. As a result, the amounts of flammable tars and gases decrease and the amount of the much less combustible char increase [40]. Cellulose dehydration is catalyzed by dehydrating agents such as sulfuric acid that may form by high temperature decomposition of metal sulfates included in the treatment compound. Cellulose dehydration is also catalyzed by Lewis acids [40] and, among the ions present in the salt blend, the following Lewis acids can be listed in the decreasing order of the hardness parameter [41]: Na+ > Mg2+ > Fe2+ > Zn2+ > Al3+.
As far as the treatment technology is concerned, the above-mentioned depth of penetration suggests a treatment by prolonged immersion (steeping) [4]. Depending on timber condition and provenance, this method is able to secure typically a depth of 5–30 mm [42] which agrees with the penetration determined for the investigated material. In terms of costs and benefits, such an immersion treatment is very convenient [43].
In summary, the complex salt blend applied to the Aspaas House was devised to provide both fire and biological degradation protection. Both well-established empirical knowledge and current theoretical approaches prove that this salt mixture is very efficient as a flame retardant.
Besides the favorable protective effect, possible impairment of wood tissue due to salt preservatives cannot be ruled out. The salt deposit may undergo deliquescence if the relative humidity in air (RH) overcomes the deliquescence threshold, RH0. Alternating deliquescence-efflorescence cycles may occur and cause stress within the porous substratum [44]. Besides, moisture produced by deliquescence may stimulate the apparition of fungi. As a rule, for a blend of deliquescent substances, the RH0 will be lower than that of each component, which prompts deliquescence to occur at lower RH [45]. However, this effect is less marked in the presence of a common ion [46], as it occurs in the system here investigated in which sulfate is the single anion.
Another problem arising from moisture is the chemical degradation due to acidity produced by metal ion hydrolysis as it was documented in the case of both archaeological waterlogged wood, and fresh wood treated with potassium alum [47].
Wood material, exposed to salt contamination from environment, experienced degradation of the middle lamella between cells, which caused the remaining cells wall layers to separate. As a result, wood fibers are released and wet wood appears as if the surface cells have been pulped. This process was noticed in polar marine environment [48] as well in an abandoned saltpeter work site [49]. The degradation mechanism is not yet known but it was presumed that in the presence of moisture, the dissolved salts would cause a high pH. Consequently, a chemical attack on lignin would occur in a process that could be comparable to the process of alkali pulping of wood. However, this kind of degradation cannot occur in the buildings here investigated since the large content in ammonium prevents pH to shift to the alkaline range.
Making a full assessment of the health hazard of salt efflorescence is beyond the scope of this work. Actually, a rigorous assessment is impossible because no safety data are available for all double sulfate salts included in the efflorescence. However, as health hazard is due rather to the constituent ions than to the salt itself, some inference can be made from security data sheets of presumed components of the original salt mixture. Accordingly, these salts are not critically hazardous but it is advisable to avoid any kind of exposure to the efflorescence material. Although this material is not volatile, absorption in the human body may occur by inhalation of contaminated dust particles and ingestion via mucociliary clearance [50]. Considering the large specific surface of the efflorescence, this risk should not be ignored at all, particularly if cleaning by mechanical procedures is attempted.
Removal of the efflorescence would be beneficial for the aspect, and to reduce health hazards and risks of wood degradation. Some of the cleaning techniques reviewed in [7] appear suitable in this case. The simplest one is the mechanical procedure using vacuum cleaners fitted with HEPA filters. As the efflorescence shows poor adhesion to the wood, it could be removed in this way but the salts incorporated in the wood will persist. Removal of both efflorescence and incorporated salts could be achieved by the vacuum washing process [51, 52]. This approach is more costly and laborious but such a deep-cleaning treatment eliminates the risk of efflorescence return and wood degradation under the effect of incorporated salts.

Conclusion
This paper introduces a protocol for the characterization of inorganic salts efflorescence in wooden buildings. This protocol includes (1) on site chemical analysis by XRF, (2) laboratory investigation of the plain efflorescence by optical and electron microscopy, infrared spectrometry, EMPA and XRF, (3) chemical analysis of purified efflorescence by ICP-AES, IC, and spectrophotometry, and (4) depth profiling of key ions in wooden material. It allows achieving a characterization of the efflorescence from the standpoint of morphology, chemical-, and mineralogical composition. If present, a hidden subflorescence-type salt deposit can easily be identified by chemical analysis of wood cores or, in a non-invasive way, by XRF spectrometry. With minor modifications, this procedure can be applied to the analysis of salt efflorescence on archaeological wooden artifacts.
This protocol was applied to the investigation of efflorescence in ancient timber houses of the Sverresborg Trøndelag Folk Museum in Trondheim, Norway. It was found that the efflorescence, which is present in two of the investigated buildings, consists mostly of hydrated double sulfate salts. The efflorescence in Aspaas House includes both Tutton’s compounds and alum salts. The main components of this mixture are tschermigite (NH4Al(SO4)2·12H2O), potassium alum (KAl(SO4)2·12H2O), mohrite ((NH4)2Fe(SO4)2·6H2O)), boussingaultite (NH4)2Mg(SO4)2·6H2O), and zinc ammonium sulfate (NH4)2Zn(SO4)2∙6H2O). As both alums and Tutton’s salts can form isomorphous series, the presence of mixed crystals structures cannot be excluded.
The origin of the efflorescence is a treatment with inorganic salts intended to protect the wood against fire and biological degradation. The cause of this efflorescence was water leakage which led to salt dissolution and subsequent crystallization at the surface of the porous wood substratum. Although such an accident can be avoided, the risk of efflorescence on wood treated with inorganic salts is still worth consideration. A spontaneous and more frequent cause of efflorescence is deliquescence, which can provide moisture for salt dissolution. Variations in relative humidity of the inner atmosphere will cause dissolution/crystallization cycles leading to efflorescence.
Knowledge of efflorescence properties allowed estimating its health hazards and assessing possible remediation techniques.
The story of an historical building does not stop after being taken in custody by an institution. Conversely, as stated by Nystu [14], any kind of architectural modification done during the relocation to the museum or afterwards, is a part of the development story of that building. However, besides rebuilding and restoration, preservation treatment of wooden material could also have been a major earlier undertaking. Hence, the chemical research of products of such a treatment provides new details on the history of the building and sheds light upon conservation techniques used in the past.
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