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Managing nitrogen cycle is one of the Grand Challenges of 21st century set forth by the National 
Academy of Engineers.  As a nutrient for food production, nitrogen is critical to zero hunger 
(SDG2), but its reactivity and mobility in the environment results in detrimental impacts to 
human well being (SDG3) and the environment including clean water (SDG6).  The work 
described here directly addresses these SDGs via atom-efficient method of synthesizing double 
salts from ammonium carbonate, recoverable from biomass digestate liquid, resulting in 
improved nitrogen management patterns of otherwise poor stability waste-derived nutrient 
containing materials.
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Abstract
Ammonium carbonate (AC) represents a concentrated ammonium precursor with potential 
relevance for nitrogen (N) recovery from anaerobic digestate, but its direct use in soils is limited 
by chemical instability and rapid N loss. In this study, ammonium carbonate was used as a model 
ammonium source to synthesize a magnesium ammonium sulfate double salt, 
Mg(NH4)2(SO4)2·6H2O (MgSA), and its performance in soil was evaluated relative to ammonium 
carbonate and urea. In particular, MgSA was prepared via a solid-state green solvent-free 
mechanochemical method and structurally characterized by X-ray diffraction and thermal analysis.  
MgSA was synthesized at high conversion for the molar MgSO4∙7H2O:AC of 0.8:1.2 to 1.2:0.8 
using epsomite salt as a precursor on a mg scale, while 20-gram batches were synthesized using 
anhydrous MgSO4∙7H2O and AC mixtures.  Ammonia volatilization of MgSA was assessed under 
controlled laboratory conditions, while agronomic performance was evaluated in growth-chamber 
experiments using romaine lettuce grown in three sandy loam soils with contrasting 
physicochemical properties.  Under high relative humidity, MgSA granules exhibited a significant 
decrease in NH3 emission as obtained using the Richards kinetic model, as compared to the AC.  
In growth chamber experiments, MgSA sustained strong lettuce growth, often matching or 
exceeding the performance of urea and ammonium carbonate while avoiding excessive soil nitrate 
accumulation via sustained nitrogen delivery, allowing plant uptake to remain stable.  The 
simultaneous supply of magnesium and sulfur enabled chlorophyll synthesis and nitrogen 
assimilation, demonstrating the value of integrating multiple essential nutrients into a single 
crystalline phase.  We conclude that this work charts pathways for using waste-derived AC as a 
promising green chemistry agent that can be mechanochemically combined with mineral salts and 
contribute to global nitrogen cycling.
Keywords: magnesium ammonium sulfate; ammonium carbonate; mechanochemistry; fertilizer; 
nitrogen
‡both authors contributed equally
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Introduction
Nitrogen (N) is a cornerstone of agricultural productivity and global food security, yet its 

inefficient use remains one of the most persistent challenges across modern cropping systems 1. 

Beyond agronomic inefficiencies, N management represents a broader resource-recovery 

challenge, as conventional N fertilizers such as urea and ammonium salts are produced through 

energy-intensive processes and dissolve rapidly following soil application 2. This rapid dissolution 

generates transient pulses of plant-available N that are highly susceptible to loss through ammonia 

volatilization, nitrification-denitrification, and leaching 3. These losses diminish fertilizer value 

while contributing to environmental degradation, including nitrate contamination of surface and 

groundwater and emissions of reactive nitrogen compounds. From a sustainable resource-

management perspective, improving N use efficiency (NUE) is therefore essential for reducing 

nutrient waste, closing N loops, and aligning fertilizer design with circular-economy principles 

that couple materials innovation with agroecosystem performance 4-7.

Anaerobic digestate represents one of the largest underutilized reservoirs of recoverable 

nutrients in modern agricultural and waste-management systems, particularly N 8. During 

anaerobic digestion of livestock manures, food waste, and other organic residues, organically 

bound N is extensively mineralized, yielding digestate streams enriched in ammonium (NH₄⁺) that 

can, in principle, substitute a substantial fraction of synthetic N fertilizers 9-11. Despite this promise, 

digestate poses major challenges for agronomic reuse. Liquid digestate has low nutrient density, 

making it costly to transport and difficult to apply uniformly. In addition, its high ammoniacal N 

content makes it extremely prone to NH₃ volatilization during storage, handling, and land 

application, resulting in rapid N losses and secondary environmental impacts 12, 13. The recoverable 

N fraction in digestate is high and predictable, and recovery of N as ammonium carbonate has been 

demonstrated through distillation- or capacitive deionization-based processes that concentrate 

NH₄⁺14, which can then be crystallized into a transportable solid phase, thereby extending the value 

chain of anaerobic digestion beyond biogas production15. Recovery of N as solid ammonium 

carbonate partially addresses these logistical constraints by converting dissolved NH₄⁺ into a 

concentrated carrier; however, ammonium carbonate exhibits poor environmental chemistry when 

applied directly to soil. Its high solubility and instability lead to rapid dissociation and NH₃ 

volatilization, generating localized pH spikes that can be harmful to soil biota and further 

exacerbate N losses 16. Consequently, while ammonium carbonate functions effectively as a solid 
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NH₄⁺ carrier recovered from digestate, it cannot be considered an agronomically safe or 

environmentally stable fertilizer in its native form and requires further formulation to moderate 

reactivity and protect soil biological integrity 17, 18. In addition, efficient plant uptake of recovered 

N is strongly mediated by the co-availability of other nutrients, particularly sulfur (S), which plays 

a critical role in N assimilation, protein synthesis, and enzymatic function 19.

Mechanochemistry, which uses mechanical force to drive solid-state reactions, offers a 

sustainable alternative for producing solid engineered fertilizers without reliance on energy-

intensive crystallization, while enabling tailored solubility and nutrient-release profiles. Through 

co-crystallization and the formation of double salts, mechanochemical synthesis can stabilize 

reactive nutrient ions into solid matrices that dissolve gradually, reducing loss pathways without 

requiring polymer coatings or high-temperature processing20. Recent work has demonstrated the 

mechanochemical synthesis of NH₄⁺ double salts with magnesium (Mg) and zinc (Zn) carbonates, 

producing stable N-Mg and N-Zn fertilizers that showed reduced ammonia volatilization and 

improved N retention in soil 21. Such processes can readily be scaled to tens of grams in laboratory 

planetary mills and, potentially, to industrial levels using continuous milling technologies 22. 

Among the candidate materials that can serve to improve recovered ammonium carbonate 

properties, magnesium-ammonium-sulfate double salts 23 are of particular interest because they 

incorporate three agronomically important macro nutrients, N, Mg, and S, into a single solid phase 
24. Magnesium plays an essential role in photosynthetic processes and chlorophyll formation, while 

S is a key component of amino acids, cofactors, and enzymes required for N assimilation. Co-

supplying these nutrients within a crystalline structure may therefore enhance both plant nutrition 

and NUE 24-26. Despite their promising properties, the performance of mechanochemically 

synthesized magnesium ammonium sulfate (MgSA; Mg(NH4)2(SO4)2·6H2O) fertilizers under 

different soil conditions remains poorly understood.

This study evaluates a mechanochemically synthesized MgSA double salt as a potential 

sustainable N source and compares its behavior to urea and ammonium carbonate, (NH4)2CO3, 

across three sandy loam soils with contrasting physicochemical properties. The novelty of this 

work lies in the mechanochemical synthesis of crystalline MgSA as a stabilized ammonium-

bearing fertilizer phase and in demonstrating that its structural stabilization significantly reduces 

nitrogen loss compared with pure ammonium carbonate under humid and soil incubation 

conditions.  Magnesium sulfate exists as a natural mineral, epsomite (MgSO4∙7H2O), as well as 
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can also be recovered from brine 27. We investigated fertilizer-induced differences in early lettuce 

development using biomass measurements, leaf chlorophyll content, image-based phenotyping, 

and soil N dynamics. Our objective was to determine whether MgSA provides more consistent N 

availability across soil environments and improves NUE relative to conventional fertilizers. By 

integrating soil chemistry, plant physiological responses, and fertilizer transformation dynamics, 

this work provides new insights into how mechanochemical co-crystallization can be leveraged to 

engineer next-generation fertilizers that enhance crop productivity while reducing environmental 

losses.

MATERIALS AND METHODS
Materials and synthesis

Chemicals and reagents. MgSO4∙7H2O (Fisher Scientific), MgSO4 (anhydrous, Eisen-Golden 

Laboratories), and ammonium carbonate (NH4)2CO3 (Merck, Germany) were used as received.  

Ammonium carbonate material is commonly comprised of a complex mixture of related 

compounds, such as (NH4)2CO3 and NH4HCO3, depending on the synthesis and storage conditions 
28. In this work, (NH4)2CO3 (AC) was used as NH4

+ feedstock.

Synthesis of Mg(NH₄)₂(SO₄)₂·6H₂O.  Laboratory scale 200 mg batches were synthesized using 

a Retsch MM300 mixer mill equipped with a stainless steel 15 mL milling jar from Form-Tech 

Scientific (Canada) with a milling time of 10 min at 25 Hz using two 8 mm zirconia balls 29. After 

the conversion was confirmed by powder X-ray diffraction (XRD), scaling up was performed 

using a Retsch PM100 planetary mill equipped with a 250 mL stainless steel jar, operated at 500 

rpm for 30 min with 20 stainless steel balls and 20 g sample batches. 

In addition to AC, two magnesium sulfate precursors, namely MgSO4∙7H2O and anhydrous 

MgSO4, were investigated. Several precursor-to-AC molar ratios were evaluated for each system. 

For MgSO4∙7H2O, the tested molar ratios were 1:1, 1.2:0.8, and 0.8:1. At the 1:1 molar ratio, the 

corresponding masses of MgSO4∙7H2O and AC were 144.0 and 56.0 mg, respectively. For 

anhydrous MgSO4, the molar ratio relative to AC was varied as 1:1, 1.5:1, and 2:1. At the 1:1 ratio, 

the masses of anhydrous MgSO4 and AC were 111.0 and 89.0 mg, respectively. No additional 

water was introduced in the MgSO4∙7H2O -based system, whereas the anhydrous MgSO4 system 

required water to adjust the interaction, with 200 µL of water added to 200 mg of the reaction 

mixture in the small mill, and 20 mL added for the 20 g planetary mill experiments.
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This approach avoids the need for energy-intensive solution crystallization while providing a rapid, 

reproducible, and environmentally benign synthesis method for fertilizer production. 

Mechanochemically synthesized samples were subsequently dried in a fume hood at room 

temperature for 24 hours.

The solution phase MgSA synthesis method involved dissolving ammonium sulfate, 

(NH4)2SO4, and MgSO4·7H2O in bulk aqueous solution, followed by complete dissolution and 

overnight precipitation at room temperature 23.

Physicochemical and functional characterization

Powder X-ray diffraction. The Cu Kα radiation with (λ = 1.5418 Å) (Empyrean X’pert PRO) 

was used to investigate the crystalline phases of the synthesized materials, while PANalytical 

software was utilized to collect the data. The scans were performed in the range of 5.0° to 50.0°, 

with a step size of 0.0131°, while the time per step is 15.3 s and the scan speed was 0.218838°/s. 

The applied voltage of the apparatus was 45 kV, while the current was 40 mA. The analysis was 

done with a mask of 4 mm, 1/16” incident beam divergence slit, and 1/4” incident beam anti-

scatter slit.

Thermal analysis. Simultaneous thermogravimetric analysis and differential scanning 

calorimetry were performed from room temperature to 600 ºC (Perkin Elmer 7, USA). 

Measurements were conducted under a N2 flow of 20 mL min-1 N2 with a heating rate of 5 ºC min-

1.

Elemental analysis. Surface elemental quantification was performed using XPS high-resolution 

O1s, N1s, S2p and Mg 2p regions. XPS data was processed using the CasaXPS 2.3.27PR3.8 

software suite 30. Elemental quantification was carried out using Scofield relative sensitivity 

factors (RSF) 31.  The inelastically scattered background was subtracted using Shirley’s 

background method 32.  

Particle morphology and bulk spectroscopic analysis of MgSA was performed using field 

emission scanning electron microscopy (FESEM, Hitachi S-4300SE/N Electron microscope) 

using an accelerating voltage of 5 kV in combination with energy dispersive spectrometry (EDS, 

30 mm2 EDAX Octane Elect Plus) using an accelerating voltage of 15 kV. Bulk Mg, N and S 

analysis was performed using standard Association of Official Analytical Collaboration (AOAC) 

2017.02 ICP, AOAC 993.13 and AOAC 2017.02 methods.
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Laboratory Mechanical Properties. Approximately 300 mg of MgSA or (NH4)2CO3 powder 

were compressed into pellets by uniaxial pressing at 3000 psi for 1 min. The resulting pellets 

exhibited uniform geometry, with dimensions in the range of 5-7 mm. To evaluate the effect of 

relative humidity on fracture strength, replicate pellets were stored in a desiccator maintained at 

70% relative humidity (RH).

The maximum compressive stress of each pellet was determined by a uniaxial compression 

test using Mxmoonfree mechanical testing system (HP-500N). Measurements were conducted 

daily to monitor temporal changes in mechanical strength over time. Each experiment was 

repeated using multiple pellets, and the results are reported as the mean value with the 

corresponding standard deviation.

Laboratory Nitrogen Release Kinetics Measurements
The volatilized nitrogen loss from MgSA pellets was evaluated in comparison with pure 

AC pellets using a soil surface incubation experiment conducted at 90% relative humidity (RH), 

following the previous work approach 33. The experimental setup consisted of four independent 

soil columns, each containing 130 g of fresh soil. Moist air was supplied to each column at a 

controlled flow rate of approximately 1.5 L min-1 using an air pump. The humidified air was 

directed over the soil surface, onto which MgSA and AC pellets were placed. The masses of MgSA 

and ammonium carbonate (AC) were adjusted to provide an equivalent N loading of 0.184 g N per 

130 g of soil (1.42 mg N g soil-1). The outlet air from each column was subsequently passed 

through a trapping solution containing 0.2 N sulfuric acid to capture volatilized NH3. The collected 

NH4
+ was quantified using standard alkaline titration. Experiments with MgSA were conducted in 

triplicate using three parallel columns, while AC was analyzed simultaneously in the fourth 

column as a control.

An examination of the N release kinetics from MgSA was conducted using the Richards 

model 34, 35. The Richards function uses four functional parameters. These parameters enable a 

comprehensive and detailed depiction of the cumulative frequency distribution (cumulative 

nitrogen release) 36. In this study, we employed a unified methodology based on the Richards 

model 37. This method facilitates the comparison of different fertilizers, enabling the assessment 

of varied N-release curves without requiring any additional adjustments or conversions 33. The 

unified Richards model is defined in equation 1
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𝑊(𝑡) = 𝐴 1 +
𝑊𝑜

𝐴

1―𝑑

― 1 ∙ 𝑒xp ―
𝑘 ∙ 𝑡

𝑑
𝑑

1―𝑑

1
1―𝑑 (1),

where W(t) represents the amount of N (%) released at a time (t, days), A denotes the upper 

asymptote (the maximum or end point of net N released, %), Wo is the initial value at the beginning 

of the observation period (%), k refers to the slope at the inflection point (the point where the rate 

of N release is highest), and d is the parameter that determines the shape of the curve. The fitting 

analysis was conducted using, the curve_fit() function in Python library SciPy (version 1.13.0) 

optimize module as described in previous work 33. 

Agricultural pot experiments.

Agricultural site and soils used. The study was conducted in a growth chamber at the US Arid 

Land Agricultural Research Center (ALARC), USDA. Surface soil samples (0-20 cm) were 

collected from Arizona (AZ) and North Carolina State (NC). Three Sandy Loam soils (Table 1) 

were collected at ALARC, Maricopa, AZ (soil A), Horticultural Crops Research Station, Clinton, 

NC (soil B) and Oxford Tobacco Research Station, Oxford, NC (soil C). Following collection, 

soils were transferred to a greenhouse at ALARC, placed in bins, and covered with plastic for 

solarization. After 2.5 weeks, the bins were uncovered, and the soils were air-dried. The dried soils 

were ground and sieved to a maximum particle size of 2mm.

Table 1. Physical and Chemical Properties of the Soils Used in the Study.

soil Sand      
g kg-1

Clay      
g kg -1

 Silt      
g kg-1 pH Lime 0.1  

ton acre-1
Phosphorous 
mg kg -1

A 6.53 1.23 2.23 8.5 NA 360.0
B 6.9 1.67 1.43 5.5 1.6 254.6
C 8.5 0.3 1.2 5.9 1.2 116.3

Total 
nitrogen soil OM        

g kg-1
Free 
lime

Nitrate 
mg kg-

1 mg kg-1

Sodium 
mg kg-1

Potassium 
Mg kg-1

A 0.02 Low 24 290 160 24.5
B 0.16 None 10 590 7.9 32.1
C 0.07 None 9.3 450 19 41.8

*OM- Organic matter
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Levels of N were adjusted based on the results of the soil analysis and following the 

Guidelines for Head Lettuce Production in Arizona (ACIS) 38. Phosphorus (P) and potassium (K) 

levels varied from high to medium among the soil samples; no P or K was added.

A starter N application corresponding to 20% of the total recommended rate was applied 

prior sowing. To achieve the target concentration of 0.05 g N Kg-1 soil, 0.19 g of urea (UR - 46 % 

N), 0.39 g of Ammonium carbonate (AC - 23% N) and 1.2 g of Mg(NH4)2(SO4)2
.6H2O (MgSA - 

7.3 % N) were thoroughly mixed with 1.8 kg of soil. All fertilizer materials were previously 

analyzed for N concentration and applied in powder form. A no-N control was also included.

For the assays, 150g of soil air-dried and processed was placed in pots (6 x 6 x 6 cm). Three 

romaine lettuce seeds were sown per pot. The experiment followed a completely randomized 

design with eight replicates. Pelleted ‘Sparx’ Romaine lettuce seeds were purchased from Johnny 

Seeds, product ID: 3156JP. Ten days after emergence, seedlings were thinned, leaving the largest 

one per pot. Throughout cultivation, the soil moisture was maintained at approximately 90% of 

field capacity with daily irrigation with deionized water to replace evapotranspiration losses, 

determined gravimetrically. Plants were grown in a CONVIRON growth chamber (CMP6060) 

under controlled environmental conditions. Air temperature was maintained at 17.2 °C during the 

dark period (00:00-06:30) and 28 °C during the light period (06:31-23:59). Photosynthetically 

active radiation (PAR) followed a stepped diurnal profile: 0 µmol m⁻² s⁻¹ from 18:31–06:00; 200 

µmol m⁻² s⁻¹ from 06:01-06:30; 600 µmol m⁻² s⁻¹ from 06:31-16:00; 500 µmol m⁻² s⁻¹ from 16:01-

17:30; and 200 µmol m⁻² s⁻¹ from 17:31-18:30. Relative humidity was maintained at 60%.

Soil analysis. Prior to the start of the experiment, each soil was analyzed and following plant 

harvest, the soil in each pot was thoroughly homogenized and a representative sample withdrawn, 

oven dried at 65°C and analyzed. Inorganic N and exchangeable acidity were extracted using KCl, 

and N levels were quantified as nitrates. For all three soils, pH (H2O) and electrical conductivity 

(EC) were determined in a soil: water suspension (1:1, m/v). Organic matter was determined by 

the loss-on-ignition method and total N in soil was determined using the Kjeldahl method 39.

For soil A, potassium (K), calcium (Ca), Mg, and sodium (Na) residing on the soil colloid 

exchange sites were extracted by displacement with ammonium acetate solution buffered to pH 

7.0. Cation concentrations are determined using atomic emission (AES), absorption spectrometry 
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(AAS), or ICP-AES instrumentation. Copper (Cu), manganese (Mn), boron (B) and zinc (Zn) were 

extracted using the DTPA (diethylenetriaminepentaacetic acid) micronutrient extraction method, 

developed by Lindsay and Norvell 40 for neutral and calcareous soils. Nitrate (NO3) and 

exchangeable acidity were extracted using KCl. Phosphate-P and PO4-P were quantified according 

to Olsen 41. Phosphate from the soil was extracted by a 0.5 N sodium bicarbonate solution 

adjusted to pH 8.5. Sulfate-S, SO4-S, was determined according to Schulte and Eik 42 with the 

following exception: (1) elimination of activated carbon and (2) determination of S by ICP-AES. 

For soil B and C, the nutrients K, Ca, Na, Cu, Mn, Zn, P and NO3 were determined using 

Mehlich III 43.

Image Analysis.  A 16 MP Olympus TG-4 camera (Olympus Corporation, Tokyo, Japan) was 

employed to photograph plants inside a lightbox. The camera was held in nadir orientation 

approximately 30 cm distant. Images were recorded in normal quality JPEG format (approximately 

5.4 MB), with a resolution of 4608 x 2592 pixels (16:9 aspect ratio). Photographic exposure 

settings were set by an ISO of 200, aperture f/8, and automatic shutter speed ranging from 1/40 to 

1/200 second. The camera operated with single auto focus and natural mode automatic white 

balance. A total of 96 images were captured.

Image-derived color variables.  Image processing was conducted using Python 3.12 software 

(Python Software Foundation, Beaverton, OR, USA) based on OpenCV 4.10.0 44 and Scikit-image 

0.23.2 45 packages using a customized approach 46. Images were processed on a Dell Precision 

7680 laptop with an i9-13950HX 2.2 GHz CPU and 64 GB of RAM (Dell Technologies Inc., 

Round Rock, TX, USA) running Microsoft Windows 11 Enterprise 64-bit OS (Microsoft 

Corporation, Redmond, WA, USA). It took approximately 4 minutes to process each image. MS 

Excel Version 2510 (Microsoft Corporation, Redmond, WA, USA) was used to manage tables of 

results.

Pixels containing green living plant material were segmented from the images using color 

filter thresholding in the HSV (Hue saturation salue) color space. Pixels representing vegetation 

were selected if the Hue angle was between 30 and 60 (on a scale of 1 to 180), Saturation was 

between 75 and 255 (on a scale of 0 to 255) and brightness Value was between 1 and 254 (on a 

scale of 0 to 255). The green filter parameters were determined iteratively by evaluating pixel 
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selections for multiple sample images. This approach allowed identification of an optimal filter 

parameter set that best accounted for the visible living green plant material and follows the method 

of Karcher 47. 

The fraction of green area was based on the ratio of green pixel count to the total pixel 

count. To assess color qualities, image calculations were performed only on the fraction of green 

living plant material segmented from sample images. ACI = 'LUV U+V = Aggregate Chromaticity 

Index (ACI). ACI represents the sum of the illumination-independent u* and v* chromaticity terms 

from the perceptually uniform CIELUV color space, indicating an aggregate measure of red and 

green color dominance. This was identified as a powerful relationship in previous studies 21. 

Chlorophyll measurements.  Leaf disks (0.6 cm) were collected and immediately placed on ice, 

then stored in -20°C for further analysis. Total chlorophyll content (chlorophyll a + chlorophyll b) 

in lettuce leaves was measured according to the method described by Hiscox and Israelstam 48 and 

calculated with an adjusted formula by Wellburn 49. Briefly, pre-weighed frozen leaf discs were 

incubated at 65°C in dimethyl sulfoxide (DMSO) until complete tissue bleaching was achieved. 

Absorbance of the resulting solution was measured at 649 and 665 nm to quantify chlorophyll 

contents.

Statistical analysis.  All statistical analyses were performed in R (version 4.5.2), with additional 

data handling in Microsoft Excel. For each response variable (biomass, chlorophyll content, 

image-derived color indices, soil nitrate, and total soil nitrogen), soil type and N treatment were 

modeled as fixed categorical factors in a two-way analysis of variance (ANOVA). Prior to 

interpreting results, ANOVA assumptions were evaluated through inspection of model residuals, 

including quantile-quantile plots for normality, residual-versus-fitted plots for homoscedasticity, 

and leverage diagnostics to identify influential observations. No substantial deviations were 

detected; therefore, all variables were analyzed without transformation.

When the ANOVA indicated significant main or interactive effects (P < 0.05), post-hoc 

comparisons were conducted using Tukey’s Honestly Significant Difference (HSD) test as 

implemented in the agricolae package 50. To facilitate the interpretation of factorial responses, 

grouping letters were generated separately for each factor. These groupings were obtained by 

subsetting the dataset by factor level and extracting agricolae HSD group outputs.
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RESULTS AND DISCUSSION

MgSA synthesis from hydrated magnesium sulfate, MgSO4∙7H2O, and AC. The first 

experiment set focused on using a common mineral, epsomite (MgSO4∙7H2O), as an Mg- and S-

precursor for the synthesis of the MgSA double salt. This precursor is heptahydrate and hence can 

balance the overall chemical reaction by providing all six water molecules that are included in the 

MgSA crystal. Neat mechanochemical experiments were performed after mixing dry 

MgSO4∙7H2O and AC, and the extent of the reactant conversion was monitored by ex-situ pXRD 

analysis. The mechanochemical conditions using the shaker mill are optimized for double salt 

synthesis, so no significant temperature increase is observed. (NH4)2CO3 crystal is expected to 

undergo facile ion release during milling with NH4
+ ion incorporated into the double salt structure, 

while carbonate decomposes to CO2. Similar double salt crystalline structures, such as 

Mg(NH4)2(CO3)2∙4H2O, were shown to exist in excess of MgCO3 during the synthesis with (101), 

(111), (200) and (220) reflections between 2 =14 and 28o 51, but the primary reflections of MgSA 

are very dominant in Figure 1 at all MgSO4∙7H2O and AC ratios. The conversion was complete 

with no reactant peaks observed in the product spectra and the ratio of the reactants did not play a 

role within the molar MgSO4∙7H2O:AC of 0.8:1.2 to 1.2:0.8. While amorphization of ionic 

compounds, such as calcium phosphate, has been reported under extreme mechanical stress (∼ 10 

GPa) in the literature 52, and may similarly occur here, potentially obscuring the crystalline features 

in pXRD, the results nonetheless indicate that crystalline MgSA forms as a primary product.
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12

Figure 1.  Experimental pXRD patterns of reactants (MgSO4∙7H2O and AC) and the products 

obtained from small-scale mechanochemical synthesis of MgSA using different molar 

MgSO4∙7H2O and AC ratios.  The theoretical bar pattern of MgSA is also provided. (♦:MgSA).

Synthesis from anhydrous MgSO4 precursor and AC. Anhydrous MgSO4 is hygroscopic and 

can be obtained from MgSO4·7H2O. As shown in Figure 2, MgSA was synthesized starting from 

the anhydrous MgSO4 phase. A controlled amount of water (40 µL per 200 mg of precursors) was 

added to facilitate the formation of MgSA containing six water molecules. However, the resulting 

product exhibited relatively poor crystallinity compared with MgSA synthesized directly from 

MgSO4·7H₂O. In contrast, scale-up synthesis using a larger batch (20 g) of MgSO4 and AC with 

a substantially higher water content (20 mL) resulted in the formation of highly crystalline MgSA. 
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These observations indicate that water content plays a critical role in promoting phase-pure 

crystallization of MgSA.

Figure 2. Experimental pXRD patterns of reactants (anhydrous MgSO4 and AC) and the 

products obtained from small-scale mechanochemical synthesis of MgSA using different molar 

anhydrous MgSO4 and AC molar ratios as well as planetary mill synthesized 20 gram batch 

using MgSO4 : AC =1:1.  The theoretical bar pattern of MgSA is also provided. (♦:MgSA).

Thermal properties of MgSA. Ammonium carbonate exhibits relatively low thermal stability, 

undergoing a complete decomposition at a temperature of 130 °C, as shown in Figure 3a. 

Furthermore, at a temperature of 100 °C, it has lost about 50% of its initial mass. It exhibits two 

endothermal peaks at 88 and 125 oC in Figure 3b associated with the quick transformation into 
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ammonium bicarbonate, followed by its complete decomposition.  Anhydrous MgSO4, on the other 

hand, is very stable up to 600 oC and loses virtually no mass, as shown in Figure 3a.

The total molar mass of MgSA is 360.6 g mol-1, with each coordinated water molecule 

contributing approximately 5.0 wt% to the total mass. The TGA reveals three distinct mass-loss 

regions upon heating. The first mass-loss event occurs at approximately 152 °C, where the 

mechanochemical MgSA loses about 24 wt% of its initial mass. This value closely corresponds to 

the release of five water molecules. The DSC curve shows an endothermic peak around 117.5 °C, 

which confirms the dehydration reaction. The exothermic peak at approximately 225 °C, observed 

for both mechanochemical MgSA and solution-derived MgSA, is attributed to the crystallization 

of a dehydrated intermediate phase formed after water removal. The second mass-loss step is 

observed around 320 °C and is associated with an additional mass reduction of approximately 10 

wt%. This loss is consistent with the simultaneous removal of the remaining strongly bound water 

molecule together with partial deammoniation, most plausibly through the evolution of NH3. This 

stage, therefore, marks the transition from dehydration to ammonium decomposition.

At higher temperatures, a third mass-loss region leads to the formation of a plateau starting 

at approximately 450 °C, with a further mass loss of about 16 wt%. Beyond this temperature, no 

significant mass change is detected under a nitrogen atmosphere, indicating the formation of a 

thermally stable residue. Considering that anhydrous MgSO4 accounts for approximately 33 wt% 

of the original MgSA mass, the observed plateau supports the conclusion that the final solid residue 

is predominantly MgSO4. The slightly higher residual mass compared to the theoretical value 

suggests that the mechanochemically synthesized MgSA may retain a sulfate-rich, non-

stoichiometric intermediate or partially condensed sulfate species, rather than transforming into 

perfectly stoichiometric MgSO4 at this temperature. Overall, mechanochemically synthesized 

MgSA exhibits 50.5 % mass loss while MgSA obtained via precipitation exhibit 62.5 % mass loss.  

The first endothermal peak in Figure 3b in mechanochemically synthesized MgSA 

coincided with that obtained via the precipitation method, suggesting that about 24 % mass loss 

occurred due to the dehydration. No lower temperature endothermal processes were observed, 

suggesting conversion of ammonium carbonate to more stable MgSA. A single exothermal peak 

at 225 °C in Figure 3b was common to both mechanochemically synthesized and precipitated 

MgSA due to its transformation to efremovite Mg2(NH4)2(SO4)3 
23.  Endothermal peaks above 300 

oC have previously been suggested to occur due to the dehydrated NH4HSO4 decomposition 53.

Page 15 of 33 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

1:
30

:5
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SU00101G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00101g


15

In this regard, Y. Ma et al. synthesized several double salts based on MgSA and 

investigated their thermal stability. The results showed that MgSA started decomposition by 

Lossing the water bonded molecules, while the maximum weight loss was about 70 % at 600 °C, 

compared to 50.5 % in case of our mechanochemically derived MgSA 53.

As shown in Figure 3c, Raman spectra of both mechanochemically synthesized and precipitated 

MgSA exhibited identical SO4
2- peaks at 980 cm-1, but different spectral envelopes in the 2750-

3750 cm-1 region. The water content of the precipitation derived MgSA seems to be higher than 

the mechanochemical MgSA, which is confirmed from TGA and matches well with the H2O region 

in Raman spectra. Thermal analysis suggested that mechanochemically synthesized MgSA 

exhibits properties of conventional precipitated material.
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Figure 3.  (a) thermogravimetric analysis (TGA), (b) differential scanning calorimetry (DSC) and 

(c) Raman spectroscopy analysis of MgSA and the corresponding reactants. MgSA synthesized 

using the precipitation method from aqueous solution is also shown 53.

Bulk chemical composition of MgSA. Chemical composition analysis of MgSA yielded 7.3 

weight % N, close to the stoichiometric value of 7.8 % as shown in Figure 4. Spatially resolved 

EDS analysis suggested a uniform element distribution within particulate aggregates of sub-10 m 

in size.

Figure 4.  Spatially resolved SEM images, energy dispersive and bulk chemical analysis of 

mechanochemically synthesized MgSA.

Surface chemical composition of MgSA. XPS analysis was performed on the 

mechanochemically synthesized MgSA to elucidate its chemical composition. Mechanochemical 

reactions involve exposing fresh, high-energy surfaces, which accelerate the reaction while fresh 

surfaces are exposed 54. The survey spectrum of MgSA in Figure 5 shows Mg and O-rich surface 

with S and N comprising about 10% and 7 atomic %.  This was in qualitative agreement with EDS 

results shown in Figure 4. O 1s peak at ~532.0 eV was assigned to the SO4
2- group in MgSO4 55 

concomitant with the S2p peak at ~169 eV and Mg 2p peak at 50.5 eV.  C1s exhibited two peaks 

due to the C-C bonds (adventitious carbon) at ~285 eV and CO3
2- at 290.0 eV 56, suggesting 

residual carbonate ions on the surface. The peak in N 1s at 401.5 eV can be assigned to NH4
+ 

groups present on the surface 57. XPS analysis confirmed the presence of nutrient-related elements 

on the MgSA surface and provided insight into their surface chemical states.
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Figure 5.  XPS surface analysis of mechanochemically synthesized MgSA.

Laboratory nitrogen loss properties via NH3 measurements. Figure 6a shows NH3 release 

patterns measured for ammonium carbonate and mechanochemically synthesized MgSA in the 

presence of 90 % RH over a 16-day period. The amount of N added was 0.184 g/130 g of soil (1.42 

mg N/ g soil). It can be observed that ammonium carbonate released ~50% of N as NH3 within 2 

days, consistent with the observations of its low environmental stability 16. The maximum amount 

of NH3 released slowed down and was measured at 70 % after 16 days. MgSA resulted in much 

slower NH3 release kinetics, especially in the early stages, with about 50 % of N lost as NH3 after 

16 days.  
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Figure 6.  Mechanochemically synthesized MgSA nitrogen loss over time measured as NH3, while 

the continuous lines represent the nitrogen volatilization losses of MgSA fitted with the unified 

Richards model 58, 59.

Experimental laboratory N loss experiments shown in Figure 6 were fitted with the 

Richards model 58, 59. Parameter A denotes the upper asymptote (the maximum or end point of net 

N released, %), k refers to the slope at the inflection point (the point where the rate of N release is 

highest) and d is the parameter that determines the shape of the curve. It can be seen that A was 

64.8 % in ammonium carbonate and 57.5 % in MgSA after 16 days, but the kinetics of the release 

were significantly different. Parameter k was 0.1 for MgSA, lower than 0.6 in ammonium 

carbonate, suggesting kinetically limited N release properties.
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Compressive strength properties of MgSA pellets. Compressive strength was tested of the 

pelletized ammonium carbonate and MgSA as synthesized and after 2 days under constant 70 % 

RH, as shown in Figure 7. Fracture strength was measured and ammonium carbonate pellets 

exhibited very low strength of ~2 MPa. As synthesized pelletized MgSA exhibited fracture 

strength of ~18 MPa, which gradually decreased to 15 MPa with storage at 70 % RH. Ammonium 

carbonate granules disintegrated after day 1 storage. 

Figure 7. Compressive strength measurements of ammonium carbonate and MgSA pellets as 

synthesized and after storage in the presence of 70 % RH. Error bars represent triplicate 

independent measurements.  

Nitrogen dynamics in soil via field measurements. Soil chemical environments play a decisive 

role in determining N fate and fertilizer efficiency 3, 60. High-pH, sodium-rich soils promote 

ammonia volatilization and can impose salinity stress 61-63, both of which suppress plant growth 

and reduce effective N uptake 64-66. Conversely, acidic soils can limit nutrient availability and root 

metabolic activity if not properly limed 67, 68. These contrasts make lettuce, a fast-growing, 

shallow-rooted crop highly responsive to early-season N availability, an interesting system for 

testing the performance of engineered N fertilizers across divergent soil conditions 69, 70.

The three soils used in this study exhibited contrasting physicochemical characteristics that 

strongly influenced fertilizer behavior and plant responses (Table 1, Figure 8 a, b). Soil A was 

highly alkaline (pH 8.5), extremely low in organic matter, and contained detectable free lime and 
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elevated sodium, a combination known to promote ammonia volatilization and depress ammonium 

retention 61, 71-74. The elevated sodium levels in Soil A likely contributed to salinity-induced stress, 

which can impair water uptake, reduce leaf expansion, and suppress early vegetative growth in 

lettuce, which explains the reduced growth as compared to soil C 75, 76.

In contrast, soils B and C were moderately acidic (pH 5.5-5.9) and contained higher organic 

matter and lower sodium concentrations, conditions generally more favorable for ammonium 

stabilization and microbial N transformations 77-79. However, despite its moderate acidity, soil B 

also exhibited reduced growth relative to soil C, likely reflecting constraints associated with lower 

pH and insufficient liming requirement, which can reduce root metabolic activity and limit nutrient 

availability during early seedling establishment 67, 80, 81. Baseline nitrate and total soil N also varied 

among soils, indicating inherent differences in mineral N availability prior to fertilizer addition 

(Table 1). 

Lettuce shoot biomass at 23 days after sowing responded strongly to N source, and the 

magnitude of these differences varied across soils (Figure 8 a,b). In all soils, the control without 

added N produced the smallest plants, confirming N limitation during early vegetative growth. 

Urea (UR), MgSA (Mg(NH₄)₂(SO4)₂·6H₂O) and ammonium carbonate (AC) increased biomass 

but showed marked soil-dependent behavior (Figure 8 a,b).

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Fr
es

h 
w

ei
gh

t (
g 

pl
an

t-1
)

NN - No nitrogen added
AC - (NH4)2CO3

MgSA - Mg(NH4)2(SO4)2
.6H2O

UR - (NH2)2CO

Soil A Soil B Soil C

So
il 

C
 S

oi
l B

 S
oi

l A

Ba
Ba

BaBa Aa
ABaBa

Ba

Ac

Abc

Aab
Aa

NN AC MgSAUR

A B

Page 21 of 33 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

1:
30

:5
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SU00101G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00101g


21

Figure 8. Plant growth response to engineered fertilizer treatments under controlled conditions. 
Lettuce shoot biomass (A) at 23 days after sowing following application of urea (UR), ammonium 
carbonate (AC), and mechanochemically synthesized magnesium ammonium sulfate double salt 
MgSA (Mg(NH4)2(SO4)2·6H2O). Values represent the average of eight replicates ± standard error. 
Different letters indicate significant differences according to Tukey’s HSD test (p < 0.05): 
lowercase letters denote differences among treatments within the same soil, and capital letters. (B) 
Representative images of lettuce plants grown in each soil under the different fertilizer treatments 
at 23 days after sowing. 

Across all three soils, mechanochemically synthesized double salt MgSA generated consistently 

high biomass, often matching or exceeding that of urea and AC despite providing substantially 

less total N per unit mass. This cross-soil consistency suggests that the crystalline Mg-NH₄-SO₄ 

framework moderated N release in a way that buffered plants from soil-driven N losses. The 

stabilized structure of the hydrated double salt likely slowed dissolution and limited rapid 

ammonium volatilization in alkaline Soil A, while simultaneously ensuring a steady supply of 

available N in the more acidic soils. The co-provision of Mg²⁺ may have further supported early 

growth by contributing to chlorophyll synthesis and photosynthetic function, especially in soils 

with low inherent nutrient reserves 82, 83.

Canopy color metrics supported these biomass responses. Chlorophyll content and image-

derived Aggregate Chromaticity Index (ACI) demonstrated that overall MgSA-treated plants 

maintained greener canopies than those receiving AC and exhibited color properties comparable 

to urea across soils (Figure 9b) 
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Figure 9. Chlorophyll content (A) and image-derived color indices (B), aggregate chromaticity 
index (ACI), for different nitrogen sources, urea (UR), ammonium carbonate (AC), and 
mechanochemically synthesized magnesium ammonium sulfate double salt MgSA MgSA 
(Mg(NH4)2(SO4)2·6H2O). Values represent the average of three and eight replicates, respectively. 
Different letters indicate significant differences according to Tukey’s HSD test (p < 0.05): 
lowercase letters denote differences among treatments within the same soil, and capital letters 
denote differences among soils within the same treatment.

These findings underscore that MgSA delivered sufficient N to sustain high physiological 

activity during early growth. The enhanced greenness also reflects the bioavailability of Mg²⁺, an 

essential component of chlorophyll molecules, indicating that this mechanochemical fertilizer 

provided multiple growth-limiting nutrients in a synchronized manner 83. Additionally, sulfur (S) 

plays a central role in enhancing N uptake and utilization by serving as an essential constituent of 

amino acids, cofactors, and enzymes involved in plant N assimilation 84, 85.

Adequate S supply supports the synthesis and activity of key metabolic enzymes such as 

nitrate reductase and glutamine synthetase, thereby improving the conversion of inorganic N into 

organic forms. Sulfur also contributes to soil chemical processes that influence nutrient retention 

and availability, and in legumes, it supports the formation and function of nitrogen-fixing nodules 

by promoting nodule protein synthesis and symbiotic enzyme activity. Through these biochemical 

and physiological pathways, S availability increases NUE, enabling plants to more effectively 

assimilate absorbed N and translate it into biomass 84, 86, 87. The imaging data, therefore, 
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corroborate the observed biomass trends and further illustrate the agronomic value of controlled 

ammonium release.

Soil nitrate and total N concentrations 23 days after sowing revealed additional insights 

into fertilizer transformation dynamics (Figure 10 a and b). Urea produced higher nitrate levels in 

most soils, consistent with its rapid dissolution and immediate conversion to ammonium, followed 

by swift nitrification. While this rapid release can supply abundant early N, it also generates a large 

pool of mineral N susceptible to leaching and denitrification, especially in coarse-textured soils 

under frequent irrigation. MgSA, in contrast, resulted in lower soil nitrate accumulation in most 

soils as compared to urea. This pattern is consistent with slower ammonium release from the 

double-salt matrix and reduced substrate availability for nitrifying microbes. The combination of 

high plant biomass and low soil nitrate suggests that most of the N liberated from MgSA was taken 

up by plants rather than accumulating in the soil, thereby indicating improved synchronization 

between N release and crop demand. MgSA resulted in the highest total soil N concentration in 

Soil C, the only soil in which plants exhibited vigorous growth, 23 days after sowing, 

outperforming all other N sources. Although the differences were not statistically significant in 

soils A and B, the same trend was observed, with MgSA maintaining slightly higher residual total 

N relative to urea and ammonium carbonate (Figure 10 b).

The behavior of MgSA across soils with pH spanning from moderately acidic to strongly 

alkaline highlights an important advantage of mechanochemical co-crystallization. Whereas the 

performance of UR and AC appeared strongly influenced by soil conditions, particularly those 

favoring ammonia volatilization, MgSA consistently supported plant growth across soils, although 

biomass remained lower in soils A and B compared with soil C. This suggests that the double-salt 

structure may moderate N losses while still being influenced by soil physicochemical properties. 

This soil-independent performance reflects the intrinsic stability of the co-crystal, which protects 

ammonium from rapid loss and releases it gradually as the mineral structure dissolves. Such 

controlled-release characteristics are highly desirable in lettuce production systems, where rapid 

early growth requires reliable N availability but where excessive soil nitrate accumulation 

heightens environmental risks.
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Figure 10. Nitrate (A) and Total nitrogen (B) in soil 23 days after sowing for different nitrogen 
sources urea (UR), ammonium carbonate (AC), and mechanochemically synthesized magnesium 
ammonium sulfate double salt MgSA MgSA (Mg(NH4)2(SO4)2·6H2O). Values represent the 
average of three replicates. Different letters indicate significant differences according to Tukey’s 
HSD test (p < 0.05), lowercase letters denote differences among treatments within the same soil, 
and capital letters denote differences among soils within the same treatment.

Overall, the results show that mechanochemically engineered ammonium-magnesium-

sulfate double salts function as efficient, soil-stable nitrogen sources capable of reducing nitrate 

buildup while sustaining robust early plant growth. The combined plant, soil, and imaging 

evidence indicate that MgSA improves nitrogen-use efficiency by aligning nutrient release with 

crop N demand and by mitigating soil-driven loss pathways that limit the performance of 

conventional fertilizers. These outcomes position mechanochemical co-crystallization as a 

promising strategy for developing fertilizers that provide both agronomic and environmental 

benefits, particularly in regions characterized by diverse soil conditions and intensive vegetable 

production systems. 

Although MgSA offers the added advantage of supplying Mg and S as secondary nutrients, 

repeated application should be optimized according to soil properties and crop demand to avoid 

potential long-term nutrient imbalance. Future work should evaluate the release kinetics and 

extractability of N, Mg, and S from MgSA across a broader range of soil pH conditions to better 
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elucidate the mechanisms governing nutrient availability and fertilizer performance in different 

soil environments.

Conclusions

This work demonstrates how mechanochemical processing can fundamentally reshape the 

behavior of highly reactive N carriers and transform them into agronomically functional fertilizers. 

By synthesizing (NH₄)₂Mg(SO₄)₂·6H₂O (MgSA), directly AC under dry and wet milling 

conditions, we show that an unstable, loss-prone ammonium source can be stabilized into a 

crystalline, nutrient-rich solid without polymer coatings, aqueous processing, or high energy 

inputs. Structural and surface analyses, XRD, IR, Raman, and XPS, were used to characterize the 

physicochemical structure of the resulting double salt, confirming the formation of the unified Mg-

NH4-SO4 framework in which ammonium is incorporated into a robust solid-state matrix rather 

than existing as a freely exchangeable ion.  

This structural stabilization translated directly into functional improvements. Compared 

with AC, MgSA exhibited markedly slower nitrogen release, reduced ammonia volatilization, and 

improved pellet mechanical stability under humid conditions. Nitrogen release kinetics revealed 

that mechanical co-crystallization effectively dampened the rapid release dynamics that typically 

drive early-season nitrogen losses. As a result, MgSA behaved not as a simple ammonium salt, but 

as a controlled-release material whose dissolution and nitrogen availability were governed by 

solid-state structure rather than solution chemistry alone.

The agronomic implications of this stabilization were evident across three soils spanning a 

wide range of pH, salinity, and organic matter content. In growth chamber experiments, MgSA 

consistently supported strong early lettuce growth and canopy development, often matching or 

exceeding the performance of urea and ammonium carbonate while avoiding excessive soil nitrate 

accumulation. This cross-soil consistency highlights a key advantage of the double-salt 

framework: nitrogen delivery was buffered against soil-driven loss pathways, allowing plant 

uptake to remain reliable even under chemically challenging conditions. The simultaneous supply 

of magnesium and sulfur further reinforced physiological performance by supporting chlorophyll 

synthesis and nitrogen assimilation, demonstrating the value of integrating multiple essential 

nutrients into a single crystalline phase.
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Through these efforts, the study demonstrates that magnesium ammonium sulfate double 

salt can serve as a novel, environmentally friendly, and agronomically valuable controlled-release 

fertilizer, offering a promising solution for improving nitrogen use efficiency while supplying 

critical secondary nutrients, sulfur, and magnesium. These findings demonstrate the broader 

potential of mechanochemistry as a platform for engineering next-generation fertilizers. The 

favorable agronomic and environmental behavior of MgSA illustrates how solid-state design 

principles can be leveraged to tune nutrient-release profiles and create fertilizers that 

simultaneously enhance crop productivity and minimize reactive N accumulation in soils.
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Data Availability Statement.  The data supporting this article have been included as part of the 

Supplementary Information.  Supplementary information: Tables S1-S3. Fresh plant weight (g 

plant-1), ACI, chlorophyll (mg g-1 FW), Nitrate (mg Kg-1 soil) and Total Nitrogen (mg Kg-1 soil).
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