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Abstract
Archival boxes are used as a preventive measure to control the microenvironment in museums and archives storages. However, their efficiency in protecting valuable artefacts from fluctuations in relative humidity (RH) is not yet fully understood. In this study, the environmental performance of different archival boxes with different configurations (size, design, presence of holes/paper material, cardboard types, surface modification) was included in the evaluation of internal environment (RH). The effectiveness of archival boxes on reducing relative humidity fluctuations was investigated by testing various properties of boxes and boards, such as air exchange rates (AER), moisture sorption and water vapour transmission rates (WVTR). While most cardboard boxes showed only a limited buffering against the humidity ingress, strategies such as surface modification limited the interaction of a box with the external environment, resulting in a more stable internal environment. Material and box properties, such as moisture sorption, AER and WVTR proved to be useful quantitative tools for assessing the environmental performance of the selected archival boxes.
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Introduction
Proper storage of archival collections is a critical conservation measure to ensure a longer lifespan for objects with minimal degradation [1]. Indeed, most of archival objects, such as paper and plastic artefacts, are stored in cardboard boxes and kept in climate-controlled storage rooms [2, 3]. In preventive conservation, archival boxes are a valuable tool as they can protect archival materials and provide additional insulation of the microclimate in the storage spaces by cushioning the fluctuations in relative humidity (RH) and increasing in absolute humidity, both inside and outside of the box.
RH fluctuations can damage archived paper material by making it more susceptible to mechanical damage [4, 5] while high temperatures can increase the rate of degradation for both paper and plastic [6, 7]. Relative humidity can also create a favourable environment for mould growth, which can cause irreparable damage to archival materials [8]. In most archival storage environments, pollutant emissions, such as by e.g., wood products, are catalysed by high relative humidity and the presence of oxidants [9, 10]. Research has also reported the negative impact of RH fluctuations on writing inks [11] and paper support [12]. When exposed to fluctuating humidity, these materials expand, which can lead to physical deformation, warping, and weakening [13]. In addition, moisture can weaken the fibres in paper and board causing physical damage. Variations in RH can directly affect the moisture content of archival materials, which can absorb or release moisture, resulting in dimensional changes that can affect its structural integrity [14]. In addition, moisture can trigger chemical reactions in archival materials. For example, metals can corrode in the presence of higher RH values, leading to the degradation of artifacts and documents that contain metal components [15].
However, the RH in the archival box is influenced by a variety of processes that interact with the environment and the contents of the box. The materials used for the construction of the  archival box, such as paper, cardboard, or plastic, can have different permeabilities and allow moisture to pass through [16]. Paper and cardboard, as hygroscopic materials used in archival boxes, have the ability to absorb and release relative humidity from the environment, which moderates the RH fluctuations inside the archival box. In addition, the degree to which the archival box is sealed or encapsulated can affect the exchange of air, volatile organic compounds (VOCs) emissions, and moisture between the inside of the box and the external environment [17]. A tightly sealed box can limit exchange, while a less sealed box might allow more airflow and moisture exchange. Rapid temperature fluctuations can also lead to changes in RH levels inside the archival box. The heritage materials and contents of the archival box, such as papers and photographs, can also affect RH fluctuations through moisture desorption and reabsorption. External environmental conditions, such as the climate in the storage room, can affect RH levels in the box. Studying moisture interaction is important for selecting appropriate archiving materials and predicting their effects on microenvironment stability. However, the interaction of moisture with archival materials such as historical paper materials, has been studied in the past [18–22]. However, the interaction of moisture and storage materials, such as archival paperboards, have been investigated by a limited number of studies [21]. Furthermore, the effect of these interactions on internal RH of archival boxes has not been explored.
There are three processes that could have an influence on the RH levels inside a archival box. The first two processes describe the interaction between the archival boxes and moisture, namely the measurement of moisture sorption and water vapor transmission rates (WVTR) [23, 24]. The third process is the air exchange between a box and the external environment, which has been extensively studied for display cases [25–27]. Moisture sorption refers to the ability of a material, such as paperboard material from a box and stored paper and wood material, to absorb or release moisture from its surroundings (moisture sorption isotherms show a relation between the moisture content in the material and air RH at stable temperature). While moisture sorption doesn’t provide specific information about the actual RH levels within an archival box, it offers a general idea of how an archival box material might behave [28]. Water vapor transmission rate is a quantitative measure of how much water vapor passes through a material over a given period. It's a critical factor in assessing how effectively a material can allow moisture to move in and out of an enclosed space. Both methods are relatively standard, easy, cheap, straightforward, and non-specific methods that can be used to describe the behaviour of archival boxes in regard to RH fluctuations.
Understanding the moisture sorption properties and WVTR of archival boxes’ materials can help determine how effectively the box buffers RH fluctuations and help select materials that allow for even moisture distribution, minimising the risk of localised RH extremes. Past research papers have found that the air exchange rates and/or material sorption properties can affect the microenvironments within an enclosure [23, 29, 30]. In the packaging industry, moisture sorption isotherms are commonly used to study the interactions between archival materials and moisture [26, 30–34]. In addition to moisture sorption, WVTR is a standard method to study moisture transfer through the archival material. Furthermore, the measurement of air exchange rate is a standard method used in preventive conservation [2, 29, 30, 35]. In the past, air exchange rates and their influence on humidity ingress in rigid enclosures, such as display cases, microchambers and wooden boxes, have been researched [28, 36, 37]. The exchange of air between an enclosure and the external environment importantly affects the air quality in the enclosure through exchange of gases (oxygen content, concentrations of emitted compounds), water (humidity equilibration), energy (temperature distribution) and particulates (dust ingress) [38]. Higher AER can help reduce the accumulation of harmful gases that can accelerate decay and distribute the temperature inside the box more evenly. If the external environment has lower humidity than the enclosure, the exchanged air can help reduce moisture build-up in the box and the formation of localised zones of high humidity zones where mould can from. On the other hand, lower AER allows the box to act as a buffer between the contents and external environmental conditions such as rapid temperature and RH changes, as well as externally generated pollutants [39]. Furthermore, it is not clear if the air exchange in an archival box happens mostly through the box openings or also through the board material. The majority of air exchanges in display cases happen through cracks and edges, as glass is a less permeable material than paper [27]. However, due to their porosity, archival boxes could exchange air through both their holes and surface.
Archival boxes can be made with different constructions, consisting of different types of cardboard, coatings, adhesives, and enclosure mechanisms. Monitoring of these boxes over an extended period to capture variations over time is particularly important to observe how the different packaging constructions react to seasonal changes and daily RH fluctuations. To protect objects in stored archival collections from environmental fluctuations, it is important to monitor both the external environment and microenvironment within the archival boxes with different materials and designs [5]. Research into the microenvironmental conditions inside storage enclosures, for example archival boxes, and parameters which influence those microenvironments is often overlooked [33, 40, 41]. Previous scientific studies focused on the investigation of microenvironment inside different archival boxes, such as phase and Solander boxes [5, 27, 33, 43, 44]. Some of their conclusions were that the paper material inside the archival boxes acts as a buffer and stabilises the internal RH values by adsorbing excessive moisture, and that the humidity inside an archival box is highly influenced by the external humidity.
However, as far as the authors are aware, a method to assess the environmental performance of archival boxes for paper collections, as a conservation priority, had not been developed before this study. This paper presents the results of the experimental investigations of a new methodology for monitoring the microenvironments inside selected paper archival boxes of different constructions (size, design, presence of holes and/or paper material, board type, and surface modification). Selected archival boxes for the storage of historical paper were subjected to fluctuations in RH and their microenvironment was monitored and compared to external RH values. The results were evaluated against the properties of box material (WVTR, moisture sorption) and construction (AER) to establish how these properties affect the microenvironments of archival boxes.

Materials and methodology
Archival boxes samples
25 different archival boxes of different manufacturers with different constructions/designs (e.g. board type, size, thickness, presence of holes and/or paper material and surface treatment) were studied (see Table 1). The boxes were evaluated in order to investigate how these boxes parameters influence the microenvironments of an archival box. These boxes were subject to microenvironmental monitoring, air exchange rates, and boards moisture sorption measurements.Table 1The boxes used in the microenvironmental monitoring and AER experiments


	Box No
	Box configuration
	Abbreviation (Size, box design, board type, holes/empty)
	Supplier

	1
	Clam/short side, JPP 1 mm, hole, empty
	A4 CLAMss JPP1 H E
	JPPa

	2
	Clam/short side, JPP 1 mm, empty
	A4 CLAMss JPP1 E
	JPP

	3
	2-part glued, JPP 1 mm, hole, empty
	A4 2-P GL JPP1 H E
	JPP

	4*
	2-part glued, JPP 1 mm, empty
	A4 2-P GL JPP1 E
	JPP

	5
	2-part glued, JPP 1 mm, coated with tape, empty
	A4 2-P GL JPP1 coated E
	JPP

	6
	2-part glued, JPP 1 mm, slits sealed with tape, empty
	A4 2-P GL JPP1 sealed E
	JPP

	7
	A3 clam/short side, JPP 1 mm, empty
	A3 CLAMss JPP1 E
	JPP

	8
	A3 clam/short side, JPP 1 mm, hole, filled
	A3 CLAMss JPP 1 H F
	JPP

	9
	A5 clam/short side, JPP 1 mm, empty
	A5 CLAMss JPP1 E
	JPP

	10
	A5 clam/short side, JPP 1 mm, hole, filled
	A5 CLAMss JPP1 H F
	JPP

	11
	Clam/long side, JPP 0.65 mm, empty
	A4 CLAMls JPP.65 E
	JPP

	12
	Clam/long side, JPP 0.65 mm, hole, filled
	A4 CLAMls JPP.65 H F
	JPP

	13
	Clam/long side, JPP 1.3 mm, empty
	A4 CLAMls JPP1.3 E
	JPP

	14
	Clam/long side, JPP 1.3 mm, hole, filled
	A4 CLAMls JPP1.3 H F
	JPP

	15
	clam/long side, CXD fluted 2.2 mm, empty
	A4 CLAMls CXDflut E
	CXDb

	16
	Clam/long side glued, recycled board 1.5 mm, empty
	A4 CLAMls GL Recy E
	CXD

	17
	Clam/long side glued, recycled board 1.5 mm, empty, hole
	A4 CLAMls GL Recy H E
	CXD

	18
	Clam/short side, JPP 1 mm, Moistop wrapped, empty
	A4 CLAMss JPP1 Moistop E
	JPP

	19
	Clam/short side, polyethylene, empty
	A4 CLAMss PE E
	CXD

	20
	Clam/short side, Kraft paper wrapped polyethylene, empty
	A4 CLAMss Kraft wrap PE E
	Matija Strličc

	21
	Clam/short side, Kraft paper wrapped, empty
	A4 CLAMss Kraft wrap E
	Kraft paper

	22
	Clam/short side, textile wrapped, empty
	A4 CLAMss Textile wrap E
	Matija Strlič

	23
	Clam/short side, JPP 1 mm, EVA coated, empty
	A4 CLAMss JPP1 EVA E
	JPP

	24
	Clam/short side, JPP 1 mm, Paraloid coated, empty
	A4 CLAMss JPP1 Paraloid E
	JPP


aJPP: John Purcell Paper, https://​www.​johnpurcell.​net/​arcbox.​html
bCXD: Conservatio By Design, https://​www.​cxdinternational​.​com/​
cMatija Strlič: made by Matija Strlič, professor of Heritage Science, University College London, UK
*Control box used to evaluate the effect of coating and wrapping on the box environmental performance




Microenvironmental monitoring
The monitoring experiment was performed in an isolated room with a controlled temperature and relative humidity (20 ± 2 °C and 50 ± 5% RH). Before each monitoring cycle, the boxes were left to equilibrate with the room environment for approximately 24 h. Humidity in the room was controlled with a dehumidifier (Eva II Pro, Inventor, UK, capacity 20 L/24 h) and wet towels. There were four changes of relative humidity during the experiment, approximately 50 ± 5%, 35 ± 5%, 70 ± 5% and 50 ± 5% RH. Air velocity inside the room was controlled with a fan (0.02 m/s). The fans (FTF300W, Futura, UK, intended for domestic use, 2 kW heating power) were placed about 2 m away from the boxes in a room measuring 2.5 × 3 × 2.8 m and were not pointing directly into the direction of the boxes. The boxes were placed about 30 cm from the walls in a non-air-conditioned room. The fans were placed about 2 m away from the boxes and not pointing directly into the direction of the boxes. The air velocity was measured in front of the boxes at three heights and the average is provided. One T/RH HOBO MX1101 data logger (Onset Computer Corporation, USA) was placed inside each box (on the base of an empty box or on top of the paper stack in a filled box, see Fig. 1). One external HOBO logger was placed on a shelf, and it measured the environmental conditions in the room. Data was collected every five minutes for 4–5 days in the case of empty boxes and 16 days for the boxes filled with paper material. These boxes were filled with a commercial print paper, and they were filled up to the top. The accuracy of the data logger’s humidity measurement is ± 2.5% RH.[image: ]
Fig. 1The experimental setup of the microenvironmental monitoring with a floor plan



Air exchange rates (AERs)
The air exchange measurements were performed on the boxes which were used in the monitoring experiment. A CO2 tracer gas decay method was employed. A small amount of CO2 gas was injected through the holes into a closed box, so that the initial concentration of CO2 in the box was above 5000 ppm. One CO2 logger (HOBO MX1102A, Onset Computer Corporation, USA) was placed inside an empty box and the second logger was measuring the background concentration of CO2 in the room. Data was collected every minute for one hour. Temperature and relative humidity in the room were stable during the experiment (20 ± 2 °C, 50–60% RH). The air velocity in the room was 0.02 m/s. The measurements were repeated three times for each box. The air exchange rates for each box were calculated from the plots of the natural logarithm of the decay curves against time. The slope of the linear regression line represents AER value46.

Board moisture sorption properties
The moisture sorption isotherms of the uncoated (solid and recycled board) and coated boards (EVA, Paraloid and Moistop) and Kraft paper were determined using a dynamic vapor sorption instrument (DVS Adventure, Surface Measurement Systems, UK), whose accuracy of the mass measurements is ± 0.1 μg. The moisture sorption behavior of the selected boards, namely solid and recycled boards and Kraft paper were tested at 20 °C for the range of RH from 0 to 90–0%. This was done to see how different archival boards absorb moisture and what are the moisture contents of these boards at specific environmental conditions. Prior to the analysis, the instrument was calibrated with the standard weights. Approximately 20 mg of the board samples were loaded into the metalized quartz pans and analyzed at three different temperatures (10, 20 and 30 °C). The samples were exposed to increasing/decreasing RH for a specific period of time and their weight changes were measured in five second intervals. The absorption cycle was conducted in a range of 0% (chamber exposed to dry nitrogen) to 90% RH and the desorption cycle from 90% back to 0% RH, both in 10% RH steps. Progress to the next RH was made after the weight change was less than 0.0001% in a period of 120 min as this allowed the board samples to equilibrate with the RH withing the reasonable timeframe. However, the maximal cut-off points were 360 min, after which the system automatically proceeded to the next step, regardless of the mass change. The equilibrium moisture contents (EMC) of the selected paperboards were calculated using the following equation:[image: $$\begin{array}{c}{\text{E}}{\text{M}}{\text{C}} \, \text{=} \left(\frac{{\text{m}}{\text{RH}} \, -\text{ m}{\text{dry}}}{{\text{m}}{\text{dry}}}\right)\text{*} \, {100}\text{\%} \, \end{array}$$]

 (1)


where mRH is the equilibrium mass of the paperboards at the specific RH and mdry is the mass of the paperboard at 0% RH.

Water vapor transmission rates (WVTR)
The measurements of WVTR for the selected coated and uncoated paperboards (solid, recycled, Kraft, EVA, Paraloid and Moistop) were performed in duplicates. The analysis was done using an ISO 2528:2017 standard for sheet materials [42]. The dried desiccant CaCl2 was placed at the bottom of a metal dish and covered with a board sample with known surface area. The edges of the paperboards cover were sealed to the metal dish with wax so that water vapor could only absorb to CaCl2 if it permeated through the test material. The measurements were done inside an environmental chamber with controlled temperature and relative humidity (30 °C and 50% RH). Due to the difference in relative humidity between the lower part of the dish (~ 10% RH) and the chamber, water vapor permeates through paperboard from the area of higher RH to the area with lower RH. The samples were taken out of the chamber and weighed every 1.5 h, until the difference in mass change between four consecutive measurements was less than 5%. For each sample, a graph which presents a total increase in mass as a function of exposure time was made. The WVTRs of sample were calculated using the following equation:[image: $${\text{WVTR = }}\frac{{\Delta {\text{m}}}}{{\Delta {\text{t * S}}}}$$]

 (2)


where ∆m is the mass increase in time ∆t (g/hour) and S is the exposed surface area of the sample (m2), which was 0.0050 m2.
CXD solid board: α-cellulose (> 87%); acid and lignin free; AKD/starch sizing; 3% CaCO3 buffer; reducible sulphur 0.8 ppm
Superior Millboard (recycled board): Recycled paper 100% chemically purified wood-free fibers; AKD/starch sizing; acid and lignin-free
JPP Archival board 0.65 mm: 100% chemical wood-free pulp; chlorine and lignin free; alkyl ketene dimer/CaCO3 sizing, reducible sulphur 0.5 ppm
JPP Archival board 1 mm: 100% chemical wood-free pulp; chlorine and lignin free; alkyl ketene dimer/CaCO3 sizing, reducible sulphur 0.5 ppm
JPP Archival board 1.3 mm: 100% chemical wood-free pulp; chlorine and lignin free; alkyl ketene dimer/CaCO3 sizing, reducible sulphur 0.5 ppm


Results and discussion
Microenvironmental monitoring of archival boxes
In order to present the results of microenvironmental monitoring more clearly, the data were divided to show the influence of individual parameters, such as the presence of paper material or the stacking effect, on the box microenvironment. First, the box parameters such as size, design and type of board were compared. Three different box sizes and two designs (clamshell and 2-part box) were tested. The size of an archival box can affect its buffering properties as larger boxes have larger internal air space, that can help to compensate for RH fluctuations. Also, a larger box can hold more buffering materials, which can help stabilise the humidity in the box. However, a well-designed box is a tight seal to prevent external moisture from entering and internal moisture from escaping. The materials used in the construction, such as adhesives and sealants, can also affect the box’s ability to buffer against RH changes. However, all the tested boards, both corrugated and solid, were made from archival grade paper and one was made from recycled archival-grade paper. For all individual measurements inside the boxes of different sizes, designs and board type, the RH levels for these boxes were similar.
The comparison between the monitoring plots for the solid and corrugated boards (see Fig. 2a), shows comparable values two plots, which is within the measurement accuracy of the T/RH logger, namely ~ 2.5–3% RH. Therefore, the humidity levels between boxes were lower or same as that value, it was not considered as a statistically significant difference. It was concluded that box size, design and different board types do not have major influence on the box buffering properties against humidity ingress. It is expected that in the same external environments these boxes will behave in a similar way and have comparable microenvironments. It can be seen from the monitoring results (see plots in Fig. 2b) that both empty and filled box (with a paper material) show a buffering effect to the changes in the external RH. Nevertheless, this buffering effect is more pronounced for the filled boxes. Throughout the monitoring experiment, the filled boxes showed lower RH levels when compared to the empty ones. A reason for this difference is because filled boxes have additional paper material that absorbs/desorbs moisture from the air and stabilizes internal RH levels [5, 14, 31]. Even though there is a minimal offset in response after the change in humidity levels, generally empty box microenvironments equilibrate with the external environment rapidly (up to 24 h), which is in agreement with the previous studies [33, 43]. It can be also concluded from the monitoring results (Fig. 2c) that putting the boxes in stack, rather than having all their sides exposed to the surrounding air, creates a “box-in-box” stabilizing effect. If the upper and lower sides of a box are covered with any material, the box is not interacting with the air moisture through its whole surface, which could result in a longer stabilization of the environments inside this box. Moreover, from the comparison of the microenvironments between the control box and the box with taped openings and slits and the box with the whole surface taped (see Fig. 2d), the most stable RH levels of all the studies boxes were observed for the boxes with modified surface. The surface of the taped box is non-permeable to the moisture, meaning that the box interacts less with the external RH.[image: ]
Fig. 2The RH monitoring data for the selected boxes: a board types (solid and corrugated), b empty and paper-filled box, c stacked box, d box with taped openings/holes and surface and control box, e chemically coated boxes, f wrapped boxes. The grey plots present the external RH values


Surface-treated boards are expected to enhance the box's ability to buffer against RH fluctuations and also prevent the emission of harmful acidic by products of cardboard that can damage the enclosed material [44]. The effects of surface treatments on the box microenvironments were tested where several boxes were coated with the selected chemical coatings or wrapped (see Fig. 2e, f). The chemical coatings were based on Paraloid and Evacon (EVA), and two boxes were wrapped in Moistop and Kraft paper. For the chemical coating, two commercial adhesive products were used: Evacon (Conservation by Design, Milton Keynes, UK, product code SUEVAR0002), based on ethylene–vinyl acetate (EVA), and Paraloid (Conservation by Design, Milton Keynes, UK, product code SUPARA7072), based on ethyl methacrylate and methyl acrylate. The Evacon was in the form of water dispersion and Paraloid was in the form of granules. The Moistop foil (Moistop, Conservation by Design, Milton Keynes, UK, product code SUMSPP5100) was used as the wrapping. This foil is made of polyester, polythene, and aluminum, and is used to protect valuable artefacts from moisture. These boxes showed similar results to the taped box, and a long- or short-term stabilization effect on the internal RH was observed for these boxes. The box wrapped in Moistop had the largest stabilizing effect of all the studied boxes. This is expected, as Moistop foil is used to protect objects from the excessive moisture [45]. Wrapping a box with Kraft paper as a very permeable material has a lesser stabilizing effect. The Paraloid coated box showed a lower stabilizing effect than the EVA coated box, which comes from the lower surface coverage by this coating, as only 5% v/v Paraloid solution was used for the coating. Therefore, the coating process could be optimized by applying additional layers or preparing the coating solutions of higher concentrations. Although the EVA (ethylene vinyl acetate) coating has shown promising barrier properties, we do not advise using it in archival storage as it has been shown to emit acetic acid in past studies [46].

AERs
The AER values of the selected archival boxes were measured, to see how air exchange influences environmental performance of archival boxes. For the tested boxes, the air exchange rates were calculated from their CO2 decay plots. The slope of the linear area of the plot, marked red in Fig. 3, gives a value for the air exchange rates of a box A4 2-P GL JPP1 E.[image: ]
Fig. 3CO2 decay curves for a box A4 2-P GL JPP1 E. The red dots present the linear area from which the AER was calculated


Figure 4 presents the calculated AER values for the studied boxes. Influence of the individual box parameters, such as holes, board thickness and surface modification, on the air exchange rates is presented. As can be seen, there is a great variation in the AERs between different boxes, with the values starting from 0.2 to more than 10 air exchanges per hour.[image: ]
Fig. 4AER values for the tested archival boxes and the effect of different box parameters on these values. The measurements were made at the air velocity of 0.02 m/s


For the boxes A4 CLAMss JPP1 E, A4 CLAMss JPP1 H E, A4 2-P GL JPP1 E and A4 2-P GL JPP1 H E, it can be observed that the holes in the box surface do not cause any major increase in the air exchange values, when compared with the identical boxes without holes. As the standard deviations of AER measurements are higher than the observable differences in the AERs between these boxes, the differences are not considered statistically significant.
The plots for A4 CLAMss JPP1 E and A4 CLAMss GL JPP1 E show the effect of box preparation (gluing vs non-gluing) on the AERs. The results show that gluing of box edges during construction causes a decrease in the air exchange rates. If box is not glued, there are additional openings on its edges, through which more air can circulate. When the edges of an archival box are glued together, it can create a relatively airtight seal. While this can be beneficial in terms of protecting the archival heritage from external contaminants and moisture, it also impedes the exchange of air important for managing RH levels, preventing the buildup of VOCs, and minimizing the potential for mould growth inside the box. In cases where air exchange is restricted due to sealed edges, VOCs can accumulate, potentially affecting the materials stored within the box. Acetic acid, e.g., is often the most abundant indoor-generated pollutant, its higher concentrations are usually observed in storage enclosures due to the low air-exchange rate [50] (which holds true also for archival boxes of a more airtight construction) and can lead to increased autocatalytic degradation of plastic materials [47–49]. In addition to the glueing, the stacking of the boxes, as seen for boxes A4 CLAMss JPP1 E and A4 2-P GL JPP1 E, also decreases AER values slightly, as part of the box surface is being covered, which reduces the release of CO2 through paperboard.
The AER values (see Fig. 4) for A4 CLAMls JPP0.65 E, A4 CLAMss JPP1 E, A4 CLAMls JPP1.3 E, A4 CLAMls JPPflut E and A4 CLAMls GL Recy E show how the board thickness affects the air exchange rates. The AERs are higher for the boxes made of thicker boards, the corrugated A4 CLAMls CXDflut E and recycled A4 CLAMls GL Recy E boxes have the highest AER values of all the studied boxes. This is unexpected, since thicker boards generally have denser structure and lower porosity and permeability compared to thinner boards, but it can be explained by the fact that the boxes made of thicker boards are also more rigid and therefore harder to close properly. Lids often get dislocated, and this creates additional openings through which air can enter, as in the case of non-glued boxes. Furthermore, A4 CLAMls CXDflut E has a corrugated structure, which could make the air exchange higher compared to more solid boards. A4 CLAMls GL Recy E boxes are made of recycled boards, which could cause a less dense structure of the board, and is made without using the glue, which can also influence the higher air exchange.
The AER values of A4 2-P GL JPP1 E, A4 2-P GL JPP1 coated E and A4 2-P GL JPP1 sealed E (see Fig. 4a) present how sealing of box openings/holes and surface with a tape affects AER. Taping the entire surface of the box causes the highest decrease in the AERs, when compared with the untaped control box. On the other hand, taping of the box openings/holes did not cause a large decrease of its AER. This, combined with the previous RH measurements results, indicates that most of interactions between a box and external environments happens through the box surface, and not through its holes and openings. The effect of the surface modification on AER was also tested for the chemically coated and wrapped boxes. When compared to the non-coated control box, a decrease in the AERs for the modified boxes can be observed (see Fig. 4). This is especially noticeable for the EVA and Moistop boxes as well as the Kraft coated polyethylene (PE) and PE boxes (AER reduced by about 5%), while the effect is less pronounced for the Paraloid coated box (reduction by about 50%), whose surface was not entirely covered with the coating. These results are another indication that most interactions with the external environments happens through the box surface, and a modification of box surface results in the more airtight boxes.
The calculated AERs were compared to the AER values of other enclosures used in heritage institutions, such as display cases. It was concluded that the calculated AERs of archival boxes are higher than the published AER values of display cases. According to the studies done with the CO2 decay method, typical display cases usually show AER values of less than one per day [29, 30, 50]. The higher AERs for archival boxes probably originate from their non-rigid and open structure—cardboard is more permeable to air than plastic, glass, or wood [51–53], but a box also has more openings when compared to display cases and rigid plastic or wooden boxes. These findings could be useful in terms of storage for types of heritage objects, which emit high levels of VOCs. The traditionally used plastic and metal containers trap VOCs inside due to the lower permeability of plastic and metal. In enclosures with high AERs, VOCs such as acetic acid could easily be removed from the enclosure headspace, which would result in the longer lifetimes of stored artefacts.

Board moisture sorption properties:
As the DVS analysis was time-consuming, with one measurement cycle running for five days, these three samples were chosen because they were of different material compositions and thicknesses. Furthermore, their manufacturing processes are also different. Therefore, a comparison of moisture sorption properties between these three samples would allow a closer comparison between other more similar commercial boards, such as solid archival-grade boards from different manufacturers. The moisture isotherms of selected boards are presented in Fig. 5. The results show that different archival boards absorb similar amounts of moisture, which means these boards will have similar amounts of moisture in their structure when stored in the same environments. This is expected, as both solid and recycled board have similar chemical composition and thickness. Compared to the archival boards, the Kraft paper shows a different behavior and absorbs less moisture than the archival boards. However, its different chemical and physical properties and the thinness of this sample result in lower moisture contents. The Kraft paper is thinner, so its moisture contents could equilibrate in shorter times, compared to the thicker board samples, which need more time to reach equilibrium. In addition, it contains more lignin than the archival boards, which makes it more hydrophobic [54]. For the mid-RH region, the differences between the moisture contents of samples are ~ 2%, while for the high RH regions this difference increases to ~ 4%. However, as these differences originate from the intrinsically different samples, these results indicate that the commercial archival boards of similar thickness and chemical composition will absorb similar amounts of moisture.[image: ]
Fig. 5The moisture sorption isotherms of the selected archival boards and the paper sample. The measurements were done at 20 °C


In addition, temperature-dependent moisture sorption isotherms were tested for the solid and recycled archival board, to see if different storage temperatures influence the moisture contents of the boards differently. The plots for the archival boards are presented in Fig. 6. For the solid board, there is a slight decrease in its moisture content at 30 °C, which starts in the mid-RH region and continues to the high RH regions, with a maximum difference of ~ 1.5%. A decrease in moisture contents at higher temperatures has already been observed by several authors for archival materials [34, 55, 56]. The effect of lower moisture content is less observable for the recycled board. For 10 and 20 °C, the moisture isotherms are almost identical, meaning that the boards will have similar amounts of absorbed moisture in their structure at these temperatures.[image: ]
Fig. 6Temperature-dependent moisture sorption isotherms: a solid board and b recycled board



WVTR
Finally, an investigation of the moisture transmission rate for the selected archival boards and papers was done (see Fig. 7). The measurements were done in duplicates for each board and paper type. Lower WVTR values indicate a slower transmission of moisture through cardboard, and therefore an improved protection against moisture ingress. The Kraft sample has the largest WVTR value, which is 1892 g/m2 day. This is due to the sample thinness, which causes a rapid moisture transmission through the material. Similar dependence of WVTR and sample thickness was already observed for the coated paperboards of various thickness, and the samples with thinner coatings had larger WVTR compared to the thicker coatings [57]. For the archival boards, the recycled board had larger WVTR (368 g/m2 day) compared to the solid board (201 g/m2 day). As the recycled board has similar chemical properties to the solid board, the variations in WVTRs probably originate from the difference in the manufacture and porosity of these boards. The recycled board is made from solid boards without the use of glues, which causes an increase in the moisture transmission through this board. For the coated board samples, a reduction in WVTRs compared to the uncoated boards is observable, and the Moistop coated board showed the lowest WVTR (< 1 g/m2 day). The Paraloid coating had a lower effect on the WVTR reduction, which is a consequence of the incomplete surface coverage and a hydrophilic property of this coating [58]. Nevertheless, these results are expected, the coatings reduce the number of interactions between the boards and moisture, due to the reduction in paper porosity and blocking of hydrophilic −OH groups which usually interact with moisture. Consequently, moisture transfer through the coated paperboard is reduced, as stated by other research groups [59–63]. The WVTR results agree with the microenvironmental monitoring experiment, as reduction of moisture ingress through cardboard results in more stable internal environments of the coated boxes, compared to the uncoated ones. This indicates that the moisture transfer through the paperboard influences the rate at which box microenvironments stabilize with the external environments.[image: ]
Fig. 7WVTR for the selected archival boards and papers


In heritage institutions, conservators often have to rely on microenvironmental control of storage environments. An important part of this is the use of archival enclosures. As seen in the microenvironmental monitoring experiment, archival boxes made of cardboard can effectively minimise external RH fluctuations. In addition to this, the moisture buffering of boxes can be improved with several strategies, such as the stacking of boxes and/or the use of coated boxes with improved barrier properties, which reduce the moisture transfer into the box interior. On the shelving, conservators could put boxes on top of each other, and therefore increase the moisture resistance of boxes. When boxes are filled with paper material, paper material will add additional moisture buffering capacity. In addition, boxes can be wrapped with additional material, such as Moistop foil. However, all these materials should be additionally tested before their implementation in the archival collections, as they need to have good mechanical properties, not off-gas chemicals, or contain lignin, acid, sulphur, etc.
The high ventilation present in the storage room should be cautious on the use of boxes with holes, especially in the areas close to the air ventilation system. As it was observed that high air velocity can rapidly increase the air exchange rates of a box, and therefore cause a higher moisture ingress through the box surface. This would decrease the moisture buffering of a box and cause a more rapid equilibration with the external environments, compared to the lower air velocities.
For higher AER values of archival boxes, these results could indicate that there are some advantages of storing high emitting objects, such as cellulose-based plastic, in archival boxes, as they could remove excessive acetic acid more effectively than metal and plastic enclosures. This means that the stored object would be in less contact with acetic acid, and their degradation would occur at lower rates. This could present a potential solution to prevent the degradation of plastics and increase the lifetimes of ageing cellulose-based plastics.


Conclusion
In this study, the performance of several archival boxes in the fluctuating RH environment was evaluated. In addition to the microenvironmental monitoring of RH, the interaction of boards with moisture and the air exchange rates of boxes were studied separately to see how these factors influence the box interior. In the microenvironmental monitoring, the boxes of different configurations (size, design, presence of holes/paper material, board types, surface modification) were included. Most of the boxes showed a short-time buffering effect toward moisture ingress and consequently most of them equilibrated with the external environment in approximately 24 h. Box parameters such as size, design and board type did not show any observable influence on the buffering capabilities. Three exceptions were the stacked boxes, paper-filled boxes and the boxes with modified surface. The stabilization of microenvironments in these cases is caused by the reduction of surface interactions between a box and the external environment. For some non-permeable coatings, such as Moistop wrapping, the internal RH fluctuations were less than 5% RH compared to external fluctuations. The boxes filled with a hygroscopic paper material also showed a considering buffering effect, which is due to the improved moisture adsorption from the additional paper material. It can be concluded from the monitoring results that putting the boxes in stack, rather than having all their sides exposed to the surrounding air, creates a “box-in-box” stabilizing effect.
The tested archival boxes showed a great variation in the AERs values. Most boxes showed high values in their AER, which was on average several air exchanges per hour, between five to 13 air exchange rates per hour. As in the case of monitoring experiment, the boxes with surface coatings showed lower AERs, less than 1 air exchange rate per hour (except for Paraloid), while the sealing of the box openings did not cause any major decrease in the AERs compared to the control boxes. This indicates that most of the interaction between a box and the external environment happens through the box surface and not any cracks or openings.
The interaction of archival boards with humidity was further investigated through their moisture sorption and transmission properties. For the moisture sorption, the results showed that the archival boards of similar chemical composition will have identical amounts of adsorbed moisture in their structure, for the same environmental conditions. In addition, moisture contents will not be influenced by changing external temperature. For the coated boards, a reduction in both moisture contents and moisture transmission was observed, which is due to the limited interactions of these boards with moisture. This causes a stabilizing effect on microenvironments of boxes made of these boards, as was observed in the monitoring experiment. The stabilizing effect of the boxes is only happening for a short time after an environmental change (max 24 h until equilibration with the external environment), which is indeed a very short interval when comparing to the years and decades when boxes stay in archives and storages. However, this stabilization effects could be very helpful for managing less stable environments (such as locations with large daily fluctuations, with poor climate control) or for example when objects are transported between locations. To conclude, both solid and recycled boards show similar moisture contents at different temperatures, meaning that boxes made of these boards will have similar moisture contents at various storage conditions.
While measurements of material properties, such as moisture sorption, AERs, and WVTR, are useful quantitative tools, it’s important to use them alongside other preservation strategies and to consider the specific needs of the archival materials being stored. In addition, the influence of factors like archival box design, construction, and material degradation should not be overlooked when assessing the overall preservation environment—the Packaging box itself might degrade over time due to environmental factors, affecting its properties. This is particularly true for materials that are not chemically stable. As preservation practices and materials evolve, research to select and refine archival boxes will continue contributing to the ongoing understanding of how archival choices impact microenvironments of archival heritage.
Further research will use the direct measurements of RH, outside and inside an enclosure, to develop a simple empirical model to predict the buffering capacity via Humidity Attenuation (HA) index. Furthermore, a multiple linear regression (MLR) model will be built to predict the HA index based on the experimental properties of an enclosure, such as surface area, box mass, moisture sorption isotherm, water vapour transmission rate, and air exchange rate. In addition, the effects of permeability through the wall and the effects of absorption at low ventilation rates will be semi-quantified by including experiments in which boxes were stacked on top of each other or filled with paper.

Acknowledgements
The authors would like to acknowledge the financial support of the Engineering and Physical Sciences Research Council (EPSRC) through the Centre for Doctoral Training SEAHA, and of Conservation by Design Ltd.

Author contributions
Conceptualisation: MN, JGB, IK, AE; funding acquisition: AE, IK, IK; investigation: MN, JGB, CD, CC, IK, JGB; methodology: MN, IK, AE and JGB; project administration: JGB, IK, AE; resources: MN, CD, CC, IK, IK, and JGB; supervision: MN, IK, AE and JGB; writing—original draft: MN, AE. All authors have read and agreed to the published version of the manuscript.

Funding
Open access funding provided by the research project Slovenian Research Agency (ARIS) project Lignin J4-3085 (Slovenia). The European Union (GREENART project, Horizon Europe research and innovation program under Grant Agreement No. 101060941) is gratefully acknowledged for partial financial support.

Data availability statement
Not applicable.

Declarations
Competing interests
The authors declare that they have no competing interests.


References
	1.
Duran-Casablancas C, Strlič M, Beentjes G, de Bruin G, Burg JVD, Grau-Bové J. A comparison of preservation management strategies for paper collections. Stud Conserv. 2021;66(1):23–31. https://​doi.​org/​10.​1080/​00393630.​2020.​1790264.Crossref


	2.
Smedemark SH, Ryhl-Svendsen M, Toftum J. Distribution of temperature, moisture and organic acids in storage facilities with heritage collections. Build Environ. 2020;175:106782. https://​doi.​org/​10.​1016/​j.​buildenv.​2020.​106782.Crossref


	3.
The CN, Box S. Its varieties and its role as an archival unit of storage for prints and drawings in a museum, archive or gallery. Museum Manag Curatorsh. 1993;12(4):387–400. https://​doi.​org/​10.​1016/​0964-7775(93)90036-I.Crossref


	4.
Brimblecombe P. Temporal humidity variations in the heritage climate of south east england. Herit Sci. 2013;1(3):1–11. https://​doi.​org/​10.​1186/​2050-7445-1-3/​FIGURES/​6.Crossref


	5.
Huerto-Cardenas HE, Aste N, Del Pero C, Della Torre S, Leonforte F. Effects of climate change on the future of heritage buildings: case study and applied methodology. Climate. 2021;98:132–61. https://​doi.​org/​10.​3390/​CLI9080132.Crossref


	6.
Canadian Conservation Institute. Incorrect Temperature. https://​www.​canada.​ca/​en/​conservation-institute/​services/​agents-deterioration/​temperature.​html. Accessed 8 Nov 2021.


	7.
Shashoua Y. Modern plastic: do they suffer from the cold? Stud Conserv. 2014;49:91–5. https://​doi.​org/​10.​1179/​sic.​2004.​49.​s2.​020.Crossref


	8.
Cappitelli F, Sorlini C. From papyrus to compact disc: the microbial deterioration of documentary heritage. Crit Rev Microbiol. 2005;31(1):1–10. https://​doi.​org/​10.​1080/​1040841049088476​6.Crossref


	9.
Chieweck A, Salthammer T. Indoor air quality in passive-type museum showcases. J Cult Herit. 2011;12(2):20513. https://​doi.​org/​10.​1016/​j.​culher.​2010.​09.​005.Crossref


	10.
Dremetsika AV, Siskos PA, Bakeas EB. Determination of formic and acetic acid in the interior atmosphere of display cases and cabinets in Athens museums by reverse phase high performance liquid chromatography. Indoor Built Environ. 2005;14(1):51–8. https://​doi.​org/​10.​1177/​1420326X05050345​.Crossref


	11.
Liu Y, Fearn T, Strlič M. Photodegradation of iron gall ink affected by oxygen, humidity and visible radiation. Dyes Pigm. 2022;198:109947. https://​doi.​org/​10.​1016/​j.​dyepig.​2021.​109947.Crossref


	12.
Menart E, De Bruin G, Strlič M. Dose–response functions for historic paper. Polym Degrad Stab. 2011;96(12):2029–39. https://​doi.​org/​10.​1016/​j.​polymdegradstab.​2011.​09.​002.Crossref


	13.
Strlič M, Grossi CM, Dillon C, Bell N, Fouseki K, Brimblecombe P, Menart E, et al. Damage function for historic paper. Part II: Wear and tear. Herit Sci. 2015;3:36. https://​doi.​org/​10.​1186/​s40494-015-0065-y.Crossref


	14.
Pastorelli G, Cao S, Kralj Cigić I, Cucci C, Elnaggar A, Strlič M. Development of dose-response functions for historic paper degradation using exposure to natural conditions and multivariate regression. Polym Degrad Stab. 2019;168:108944. https://​doi.​org/​10.​1016/​j.​polymdegradstab.​2019.​108944.Crossref


	15.
Zhang X, Yan Y, Yao J, Jin S, Tang Y. Chemistry directs the conservation of paper cultural relics. Polym Degrad Stab. 2023;207:110228. https://​doi.​org/​10.​1016/​j.​polymdegradstab.​2022.​110228.Crossref


	16.
Park HJ, Kim SE, Lee JK, Chung YJ. A comparative functionality evaluation of paulownia wood storage boxes and acid-free archival boxes to store the annals of Joseon dynasty—indoor and outdoor temperature and relative humidity controls, and heat release rate. J Conserv Sci. 2022;38(1):72–9. https://​doi.​org/​10.​12654/​JCS.​2022.​38.​1.​07.Crossref


	17.
Canadian Council of Archives. Basic conservation of archival materials: Revised Edition, 2003 Chapter 4–Care. https://​archivescanada.​ca/​wp-content/​uploads/​2022/​08/​RBch4_​en.​pdf. Accessed 12 Sept 2023.


	18.
Popescu CM, Hill CAS, Kennedy C. Variation in the sorption properties of historic parchment evaluated by dynamic water vapour sorption. J Cult Herit. 2016;17:87–94. https://​doi.​org/​10.​1016/​j.​culher.​2015.​06.​001.Crossref


	19.
Padfield T. The interaction of water vapour with paper. 2006. https://​www.​conservationphys​ics.​org/​vapap/​vapap.​pdf. Accessed 21 Apr 2020.


	20.
Kupczak A, Bratasz Ł, Kryściak-Czerwenka J, Kozłowski R. Moisture sorption and diffusion in historical cellulose-based materials. Cellulose. 2018;25(5):2873–84. https://​doi.​org/​10.​1007/​s10570-018-1772-9.Crossref


	21.
Kupczak A, Sadłowska-Sałęga A, Krzemień L, Sobczyk J, Radoń J, Kozłowski R. Impact of paper and wooden collections on humidity stability and energy consumption in museums and libraries. Energy Build. 2018;158:77–85. https://​doi.​org/​10.​1016/​j.​enbuild.​2017.​10.​005.Crossref


	22.
Derluyn H, Janssen H, Diepens J, Derome D, Carmeliet J. Hygroscopic behavior of paper and books. J Build Phys. 2007;31(1):9–34. https://​doi.​org/​10.​1177/​1744259107079143​.Crossref


	23.
Parker ME, Bronlund JE, Mawson AJ. Moisture sorption isotherms for paper and paperboard in food chain conditions. Packag Technol Sci. 2006;19(4):193–209. https://​doi.​org/​10.​1002/​pts.​719.Crossref


	24.
Ioelovich M. Study of sorption properties of cellulose and its derivatives. BioResources. 2011;6:178–95. https://​doi.​org/​10.​15376/​biores.​6.​1.​178-195.Crossref


	25.
Calver A, Holbrook A, Thickett D, Weintraub S. Simple methods to measure air exchange rates and detect leaks in display and storage enclosures. In: 14th Triennial Meeting, The Hague Preprints. ICOM; London, James & James. 2005. pp. 597–609.


	26.
Thickett D, David F, Luxford N. Air exchange rate-the dominant parameter for preventive conservation? Conserv. 2005;29(1):19–34. https://​doi.​org/​10.​1080/​01410096.​2005.​9995210.Crossref


	27.
Thickett D, Fletcher P, Calver A, Lambarth S. The effect of air tightness on RH buffering and control. In: Padfield T, Borchersen K, editors. Museum microclimates. Copenhagen: National Museum of Denmark; 2007. p. 245–51.


	28.
Bandyopadhyay A, Ramarao BV, Ramaswamy S. Transient moisture diffusion through paperboard materials. Coll Surf A. 2002;206(1–3):455–67. https://​doi.​org/​10.​1016/​S0927-7757(02)00067-5.Crossref


	29.
Garside P, Library TB, Knight B. The behaviour of books in changing environmental conditions and the implications for collection storage. In: Bridgland J, (editor). Preprints ICOM Committee for Conservation, 16th Triennial Conference, Lisbon, Almada. 2011, pp.1–8.


	30.
Scrivens G, Gerst P, MacDonald BC, Carabillo D, Monahan AP, Timpano RJ, Lippke J, Ticehurst M, Wood G, Ryan KO. The humidity exposure of packaged products. Amsterdam: Elsevier Inc.; 2018. https://​doi.​org/​10.​1016/​B978-0-12-802786-8.​00005-X.Crossref


	31.
Wahba M, Nashed S. Moisture relations of cellulose. III. Sorption hysteresis and the effect of temperature. J Text Inst Trans. 1957;48(1):T1–20. https://​doi.​org/​10.​1080/​1944702570865974​8.Crossref


	32.
Othman SH, Edwal SAM, Risyon NP, Basha RK, Talib RA. Water sorption and water permeability properties of edible film made from potato peel waste. Food Sci Technol. 2017;37:63–70. https://​doi.​org/​10.​1590/​1678-457X.​30216.Crossref


	33.
Rhim JW, Lee JH. Thermodynamic analysis of water vapor sorption isotherms and mechanical properties of selected paper-based food packaging materials. J Food Sci. 2009;74(9):E502–11. https://​doi.​org/​10.​1111/​j.​1750-3841.​2009.​01373.​x.Crossref


	34.
Dury-Brun C, Jury V, Guillard V, Desobry S, Voilley A, Chalier P. Water barrier properties of treated-papers and application to sponge cake storage. Food Res Int. 2006;39:1002–11. https://​doi.​org/​10.​1016/​j.​foodres.​2006.​07.​003.Crossref


	35.
Padfield T. Air exchange between an enclosure and its surroundings. https://​www.​conservationphys​ics.​org/​airex/​airexchange.​html. Accessed 29 Oct 2021.


	36.
Ankersmit B, Kragt W, Leeuwen IV. The climate in pastel microclimate cardboard boxes when exposed to fluctuating climates. In: Bridgland J, editor. Preprints ICOM Committee for Conservation, 16th Triennial Conference. ICOM; 2011. pp. 1–9.


	37.
Dubus M, Amoros V, Bouvet S, Brarda-Wieber J, Colson I, Dupont A, Lattuati-Derieux A, Lavier C, Masson Éric et al. Should we discard historical wooden archival boxes? In: Mieke A, Susie B, Ira R, editors. Chemical interactions between cultural artefacts and indoor environment. 2018. pp. 49–63. https://​hal.​archives-ouvertes.​fr/​hal-01915913. Accessed 22 Apr 2020.


	38.
Fermo P, Comite V. Indoor air quality in heritage and museum buildings. In: D’Amico S, Venuti V, Fermo P, Comite V, editors. Handbook of cultural heritage analysis. Cham: Springer; 2022. p. 1003–31. https://​doi.​org/​10.​1007/​978-3-030-60016-7_​34.Crossref


	39.
Chiantore O, Poli T. Indoor air quality in museum display cases: volatile emissions, materials contributions, impacts. Atmosphere. 2021;12(3):364. https://​doi.​org/​10.​3390/​atmos12030364.Crossref


	40.
Clare H, et al. The study of microclimates within storage boxes of archival records. In: 42nd Annual Meeting (Poster Session). American Institute for Conservation. 2014.


	41.
Wise A, Granowski C, Gourley B. Out of the box: measuring microclimates in australian-made solander boxes. In: Christensen B, Rayner J, Kosek J, editors. Art on paper: mounting and housing. London: Archetype Publications; 2005. p. 55–8.


	42.
International Organization for Standardization (ISO). ISO 2528:2017. Sheet materials—determination of water vapour transmission rate (WVTR)—gravimetric (dish) method.


	43.
Bigourdan J-L, Adelstein PZ, Reilly JM. Moisture and temperature equilibration: behavior and practical significance in photographic film preservation. In: Proceedings of the Third International Study Days of ARSAG. ARSAG; 1997, pp. 1–44.


	44.
Andersson C. New ways to enhance the functionality of paperboard by surface treatment—a review. Packag Technol Sci. 2008;21(6):339–73. https://​doi.​org/​10.​1002/​pts.​823.Crossref


	45.
Moistop foil. https://​www.​cxdinternational​.​com/​paper-materials/​protective-materials/​moistop-pp005-200-metre-roll-per-metre-sumspp5100. Accessed Oct 18 2021.


	46.
Down JL, MacDonald MA, Tétreault J, Williams RS. Adhesive testing at the Canadian Conservation Institute-an evaluation of selected poly(vinyl acetate) and acrylic adhesives. Stud Conserv. 1996;41(1):19–44. https://​doi.​org/​10.​1179/​sic.​1996.​41.​1.​19.Crossref


	47.
British Standards Institute. BS 4971:2017. Conservation and care of archive and library collections. 2017.


	48.
Shenton H. Macro and microenvironments at the British library. In: 65th IFLA Council and General Conference Proceedings. 1999. pp. 1–6.


	49.
Bigourdan J-L, Reilly JM. Effectiveness of storage conditions in controlling the vinegar syndrome: preservation strategies for acetate base motion-picture film collections. 2002. http://​dp3project.​org/​webfm_​send/​307. Accessed May 21 2019.


	50.
Cassar M, Martin G. The environmental performance of museum display cases. Stud Conserv. 2013;39:171–3. https://​doi.​org/​10.​1179/​sic.​1994.​39.​Supplement-2.​171.Crossref


	51.
Nishimura D. Inside strategies for the storage of cellulose acetate film. AIC News. 2015;40(6):1–5.


	52.
Bigourdan J, Adelstein PZ, Reilly JM. Use of micro-environments for the preservation of cellulose triacetate photographic film. J Imaging Sci Technol. 1998;42(2):59–66.Crossref


	53.
Bigourdan J-L, Adelstein PZ, Reilly JM. Effect of paper alkaline reserve on the chemical stability of acetate base sheet film. Top Photogrpahic Preserv. 1997;7:43–54.


	54.
Lee K-Y, Bismarck A. Assessing the moisture uptake behavior of natural fibres. In: Zafeiropoulos NE, editor. Interface engineering of natural fibre composites for maximum performance. Sawston: Woodhead Publishing; 2011. p. 275–88. https://​doi.​org/​10.​1533/​9780857092281.​2.​275.Crossref


	55.
Nelson RM Jr. A model for sorption of water vapor by cellulosic materials. Wood fiber Sci. 1983;15(1):2–22.


	56.
Bedane AH, Xiao H, Eić M. Water vapor adsorption equilibria and mass transport in unmodified and modified cellulose fiber-based materials. Adsorption. 2014;20:863–74. https://​doi.​org/​10.​1007/​s10450-014-9628-6.Crossref


	57.
Wang J, Gardner DJ, Stark NM, Bousfield DW, Tajvidi M. Moisture and oxygen barrier properties of cellulose nanomaterial-based films. ACS Sustain Chem Eng. 2018;6:49–70. https://​doi.​org/​10.​1021/​acssuschemeng.​7b03523.Crossref


	58.
Ntelia E, Karapanagiotis I. Superhydrophobic paraloid B72. Prog Org Coatings. 2020;139:105224. https://​doi.​org/​10.​1016/​j.​porgcoat.​2019.​105224.Crossref


	59.
Song Z, Xiao H, Zhao Y. Hydrophobic-modified nano-cellulose fiber/PLA biodegradable composites for lowering water vapor transmission rate (WVTR) of paper. Carbohydr Polym. 2014;111:442–8. https://​doi.​org/​10.​1016/​j.​carbpol.​2014.​04.​049.Crossref


	60.
Hult EL, Ropponen J, Poppius-Levlin K, Ohra-Aho T, Tamminen T. Enhancing the barrier properties of paper board by a novel lignin coating. Ind Crops Prod. 2013;50:694–700. https://​doi.​org/​10.​1016/​j.​indcrop.​2013.​08.​013.Crossref


	61.
Spence KL, Venditti RA, Rojas OJ, Pawlak JJ, Hubbe MA. Water vapor barrier properties of coated and filled microfibrillated cellulose composite films. BioResources. 2011;6(4):4370–88. https://​doi.​org/​10.​15376/​biores.​6.​4.​4370-4388.Crossref


	62.
Rastogi VK, Samyn P. Bio-based coatings for paper applications. Coatings. 2015;5:887–930. https://​doi.​org/​10.​3390/​coatings5040887.Crossref


	63.
Herrera MA, Mathew AP, Oksman K. Barrier and mechanical properties of plasticized and cross-linked nanocellulose coatings for paper packaging applications. Cellulose. 2017;24(9):3969–80. https://​doi.​org/​10.​1007/​s10570-017-1405-8.Crossref




Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Evaluation and modelling of the environmental performance of archival boxes, part 1: material and environmental assessment


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40494_2024_1137_Fig5_HTML.png
2R N
. o w»u o

EMC (%) - dry basis
o

—o— Solid board

30

40 50 60 70 8 90
Target RH (%)

Recycled board —@—Kraft paper

100





OEBPS/images/40494_2024_1137_Fig2_HTML.png
a) 80.00 b) 80
70.00 70
N
S~ 60.00 X s0
Z g
&~
50.00 50
40.00 - 20
36 hours period 120 hours period
—— Solid board, 1000 mes ——Corrugated board, 1300 mes  —— External logger ——Filledbox ——Empty box —— External logger
) 2090 d) 9000
80.00 80.00
70.00 70.00
d
¢ 6000 2 60.00
2 ]
50.00 50.00
40.00 40.00
3000 - 30.00
60 hours period 36 hours period
——Stacked box ——External logger —— Taped surface box —— Taped holes/lid box —— Control box —— Extemal logger
€) 100 f) 100
%0
80
=7
=
)
50
40
30

84 hours period

——Control box  ———EVA coated

Paraloid coated  ——— Extemal logger

84 hours period

——Control box ———Moistop coated ——Kraft coated -~ External logger






OEBPS/images/40494_2024_1137_Fig3_HTML.png
n
o

I |
o w o~

~

wdd .. o1/((C0D))ur

6.5

80

60

50

30

10

Time/minutes





OEBPS/images/40494_2024_1137_Fig6_HTML.png
=
@

a

TN
oON B

EMC (%) - dry basis™

=
N
)

EMC (%) - dry basis™
SR

-
o

oON A O

o N B O

/z/v

20 40 60
Target RH (%)

——10°C —e—20°C

0 20 40 60

Target RH (%)

=10 °C —@=—20 °C

30°C

30 °C

80

80

100

100





OEBPS/css/envelope.png





OEBPS/images/40494_2024_1137_Article_TeX_Equ1.png
EMC — (2R nd) £ 1007





OEBPS/images/40494_2024_1137_Fig4_HTML.png
AER (hY)
orRr N WA GO N

AER (h?)

o B N W & U1 O N

AER (h?)

Size

Gluing

Design and hole

Q,»‘o Q\‘v Q,\jo va
N R N g
& N g )

\?’é @9’7 3

S v R
K N Ny »v

& ¥
Stacking

Yy y

QQ @?}' \QQ @?}'

o P &
N N N
o N wv N
W Q
& N

03 v

v

Coating, wrapping and sealing

6
5
= 4
<
> 3
< 2
1
0 [ ]
<’/<’/<’/Q \Q?’ OQQ/Q/
NS R ‘2
§2Q é’@ o“>® %gq'f"(bQ@\Q &
@ BQ \%
Q QQ \Y'BQ Cd @
u‘l«\, b& N c‘,\y~
onQo LR \Y\y@ ‘?v
NN \yvo
¥ ¥ y?‘





OEBPS/images/40494_2024_1137_Fig1_HTML.png
e e s L

- Water bucket

dehumidifier

Boxes are 0.3m away
fram the wall e






OEBPS/images/40494_2024_1137_Article_TeX_Equ2.png
T:
WVTR AT F S





OEBPS/images/40494_2024_1137_Fig7_HTML.png
Solid control board
Paraloid coated board
EVA coated board
Moistop coated board
Recycled board

Kraft paper

0 200 400
—

-

»

|

I

600

800

1000

WVTR/ g/(m* day)

1200

1400

1600

1800 2000





OEBPS/css/sidebar.gif





