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A B S T R A C T

With the goal of sustainable life on Mars, the importance of maximizing the use of all available materials has 
become crucial. One such method in which to utilize the available resources is through the synthesis of a carbon- 
rich, porous material, creating a material fit for a variety of essential applications such as water retention. This 
study improved the water retention properties of Martian regolith through co-activation with pine, a carbon-rich 
biomass. To enhance carbon porosity, biomass was first hydrothermally carbonized at 260◦C, and combined with 
Martian regolith (0, 5, 10, 25, 50 % w/w) before being chemically co-activated using potassium hydroxide as an 
activation agent, for two hours, at 800 ◦C. The co-activated regolith samples were characterized to quantify 
surface porosity, morphology appearance analysis by scanning electron microscopy, crystallinity analysis by 
powder X-ray diffraction, and chemical composition analyses by proximate and ultimate analyses. The results 
highlight an increased surface porosity of 287 %, with a 50 % addition of hydrochar, and minimized water loss 
from 24 % to just 4 % as well as an increased water holding capacity of 16 % with an increase in Martian regolith 
from 50 % to 95 %.

1. Introduction

Long-term human space missions to Mars have generated the need 
for resources to support the inhabitancy, which has become crucial. 
Energy, oxygen, construction materials, water, and food are the top five 
commodities required for human civilization settlement on Mars [1]. On 
the surface of the planet Mars, the first four are abundant in economi
cally viable concentrations and in forms that can be extracted. For 
example, solar energy can probably be supplemented by nuclear fission 
reactors; water, which can be found in hydrated minerals and ice; oxy
gen, which can be extracted from atmospheric CO2; and building ma
terials, such as bricks and other derivatives can be processed from 
Martian regolith [2]. However, naturally occurring sources of food are 
non-existent in Mars and the capability of producing food, using the 
natural resources available is hampered by the characteristics of Martian 
regolith such as poor water retention and low carbon content [3,4].

Literature also discussed the potential of Martian regolith and its 
importance for sustaining life, while also revealing the challenges of 
utilizing Martian regolith. Wamelink et al. discussed the difficulties of 
maintaining water in pure regolith samples, reporting pure regolith has 
a low water holding capacity of about 30 % and Earth’s natural soil was 

attributed to have 100 % water holding capacity while also mentioning 
the need for the remediation of the moisture retention capabilities of 
Mars regolith [5]. This can be accounted for by the fact that Martian 
regolith is primarily composed of weathered mafic rock [4,6]. As a 
result, water seeps away, decreasing the effective use of the already 
limited amount of water available, similar to the interaction between 
sand and water here on Earth [7]. To amend this, Jänchen et al. sought to 
utilize microorganisms as a method of amending the water retention 
properties of regolith but were found to remove water from the Mars 
regolith [8]. Instead of focusing on microorganisms, other studies 
tackling corollary challenges on planet Earth, successfully highlighted 
the importance of improving a soil’s moisture retention capacity, which 
is a key factor in applications such as crop growth, by the addition of 
carbon-dense solids. Caporale et al. attempted to combined compost 
with Martian regolith and reported favorable soil amendment results but 
attributed the water retention capabilities to the compost while the 
water retention capabilities of the Martian regolith remained constant 
[9]. This method requires large amounts of compost to be added 
frequently, which in applications such as space travel, is not efficient 
due to the limited room on shuttles [2]. This also does not alter the 
existing properties of Martian regolith but rather relies on the properties 
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of the compost to offset those of the Martian regolith, leaving the sus
tainability and efficiency of this method in question.

In this study, biochar was chosen as the carbon rich solid in which to 
amend the properties of Martian Regolith. Literature demonstrated that 
the addition of biochar, here on earth, significantly improves the water- 
holding capacity of the soil, increasing the water available to plants, due 
to the increased pore volume and total porosity of char-amended soil 
[10]. Surface morphology (total pore volume, specific surface area, pore 
structure) and surface chemistry (functional groups present) of the 
char-amended soil also positively affect the water absorption rate [11]. 
Moreover, the addition of char has been previously reported to improve 
physical characteristics, such as bulk density, which improves the soft
ness and terrene of the char-amended soil [12], promoting crop yield. 
For example, the addition of carbon-dense biochar to sandy loam soil 
was demonstrated to reduce bulk density by 6.3 % and improve water 
holding capacity by 9 %, with the addition of about 17 kg of biochar for 
every cubic meter of sand, owing to biochar’s surface porosity charac
teristics [13]. In another study, biochar was utilized for soil amendment, 
enhancing soil properties such as porosity, resulting in an increase in the 
total porosity of the amended soil by an average of 52.7 % and hence 
increase in moisture content, of the char-amended soil, by 5.33 % [10]. 
Garbowski et al. also emphasized the impact biochar can have on the 
carbon content with biochar having 11.1 % more grams of carbon per kg 
of soil [14].

Therefore, this study focuses on investigating the properties of 
Martain regolith and thermally treated hydrochar. Moreover, the 
properties of Martian regolith were sought to be improved through 
coactivation with hydrochar, to form a novel material. Hydrochar was 
formed via the utilization of hydrothermal carbonized (HTC) loblolly 
pine, a thoroughly researched biomass, a material known for its favor
able porosity and carbon content [15,16]. This enabled co-activated 
Martian regolith-hydrochar material to be tailored for beneficial extra
terrestrial applications such as water retention and water holding ca
pacity (WHC). This maximizes the positive characteristics of the existing 
Martian regolith, thus emulating a practical solution for increasing 
resource utilization on Mars.

2. Materials and methodology

2.1. Materials

Loblolly Pine (LP) was obtained from Idaho National Laboratory (ID, 
USA) with a particle range of 149–595 µm. Mars global simulant Martian 
regolith (MR), made to emulate real Martian rock found in the Gale 
crater, on planet Mars, was purchased from Space Resource Technolo
gies (Orlando, FL, USA) and had a particle size ranging from less than 
0.04–100 µm. Potassium hydroxide (KOH), 2 N hydrochloric acid (HCl), 
and 0.01 N sodium hydroxide (NaOH) were obtained from Fisher Sci
entific (Fair Lawn, NJ, USA).

2.2. Mars regolith-activated hydrochar composite preparation

LP underwent HTC in a 300 mL Parr reactor (Moline, IL), at 260◦C for 
30 min. Literature reveals 260 ◦C being an ideal ratio for HTC for pro
duction due to the fixed carbon uptake and high mass yield as described 
by Islam et al. [17].The procedure was obtained from the literature [18, 
19]. Dried hydrochar was then mixed with MR and stirred, creating a 
homogenous sample. The following ratios were investigated: 50:50, 
25:75, 10:90, and 5:95 (MR: hydrochar, dry basis). The mixture was 
then combined with potassium hydroxide (at a 4:1 ratio, potassium 
hydroxide: composite) and 25 mL of deionized water followed by prior 
study [20]. For example, 0.50 g of hydrochar were physically mixed 
with 0.50 g of MR, before being added to a 1.80 * 10− 3 molar solution of 
KOH. After all the water had evaporated, activation was performed for 
2 hours at 800 ◦C, an optimized activation temperature obtained from 
literature, under inert conditions [21]. Finally, the composites were then 

washed using 2 N HCl. This method allowed for the extraction of the 
potassium ions from the composite due to their attraction to the HCl, 
leaving pores in the sample [18]. This was done for all samples which 
were labeled according to their respective compositions with a “M” and 
an “H” before each respective ratio. Samples were labeled as follows: 
H5-M95, H10-M90, H25-M75, and H50:M50. The controls were labeled 
“MR” and “H260” after their respective base components of Martian 
regolith and hydrochar, respectively.

2.3. Product characterization

Using a Micrometrics HPVA II (Norcross, GA), the Braeuer, Emmett, 
and Teller (BET) surface area, the pore volume, and the pore size, of the 
samples, were obtained. A detailed description of the method employed 
can be found in the literature [22]. A brief explanation incorporates the 
measure of the adsorption of ultra-high purity nitrogen gas (N2) between 
the given pressure values of 8 * 10− 3 and 0.99 mPa. Liquid nitrogen was 
employed to keep a constant temperature of about 77 K. The data was 
processed through the Microactive software. This entailed the data, 
obtained via the utilization of relative pressure (P/Po), which lay be
tween the given values of 0.05 and 0.35. The same software was utilized 
for the micropore volume as well as the pore size distribution. This has 
an associated mechanical error of about 1 %.

The carbon, hydrogen, nitrogen, and sulfur content present in the 
samples were measured utilizing CHNS analysis (FLASH EA 1112 Series, 
Thermo Scientific, Grand Island, NY, USA). This had an associated me
chanical error of 0.64, 0.16, and 0.11, respectively. Samples were pre
pared by measuring out a base ratio of 8–10 mg of vanadium oxide to 
2–3 mg of sample. In order to provide a proper calibration, the method 
above was followed using vanadium oxide, 8–10 mg, and 2–3 mg of 5- 
tert-butyl-benzoxazol-2-yl thiophene (BBOT).

Thermogravimetric analysis TGA 4000 (PerkinElmer) was used to 
determine the thermal stability. This had a temperature error of about 
1 ◦C. A sample of 5–15 mg was heated at a rate of 20◦C /min from room 
temperature to 105◦C under a 20 mL/min nitrogen purse. The temper
ature was held for 10 minutes and then heated from 105◦C to 900◦C at a 
rate of 50 ◦C/min. Once again, the temperature was held at 900◦C for 
5 minutes before being cooled to 575◦C. The temperature was held for 
10 minutes. The crystal structures of the samples were observed through 
X-ray diffraction (XRD) at a current of 10 MA. The data was collected on 
a spread of 2θ data points of 5 − 80◦. This had an approximate me
chanical error of 0.01–0.02, 2θ. This was accomplished using a Bruker 
AXS X-ray diffraction system (model D2 Phaser SSD160) (Karlsruhe, 
Germany) under atmospheric pressure [20].

To physically observe the porosity of the composites, a JEOL JSM 
6380LV Scanning Electron Microscope (SEM) (Tokyo, Japan) was uti
lized. The following parameters were utilized: a voltage range of 
5–15 kV, a spot size of 40–60, and a magnification of 1000–4000. A 
Denton Vacuum Desk III (Moorestown, NJ) provided a layer of sputtered 
gold to improve the electroconductivity of the sample, allowing a sub
stantial analysis to be completed. To obtain an idea of the composition of 
the composites, an EDX analyzer (Octane plus, EDAX, USA) was 
employed along with a voltage of 20 kV.

The composites underwent Fourier transform infrared radiation 
(FTIR) to identify the functional groups. Thermo Scientific Attenuated 
Total Reflector (ATR) FTIR (Model: Nicolet iS5, Madison, WI) was used. 
A background measurement was taken before each run using an accu
mulation of 64 scans per second over a range of wavelengths from 
(500–4000 cm− 1). This also utilized a resolution of 16 cm− 1 in order to 
provide the highest resolution. This had an associated mechanical error 
of about 1 cm− 1. The samples were run under the same conditions as the 
background measurement.

Point of zero charge experiment was performed to observe the pre
disposed nature of the surface of the samples. This was done as best 
described by the literature [23]. To briefly summarize, in the “pH drift 
method,” a fixed amount of base solute, KNO3, and a fixed amount of 
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sample, was placed into 6 flasks and then adjusted to a pH of 2, 4, 6, 8, 
10, and 12 respectively. This was then mixed for 24 hours at a fixed rate 
of 240 rpm.

2.4. Water retention and water holding capacity

In this study, water retention was observed by comparing the loss of 
weight in a composite, up to 105 ◦C, before and after total saturation. 
Literature has shown that TGA is an excellent method in which to 
observe the quantity of water in a sample, based on the difference of 
weight at a given temperature [24]. To start, about 0.12 g of composite 
were soaked in 40 mL of deionized (DI) water for 24 hours to ensure 
total saturation. After 24 hours, the DI water was removed via vacuum 
filtration, and 5–7 mg of the sample was analyzed via TGA to obtain an 
initial water content (Wi, %). Samples were allowed to dry for 24 hours 
at room temp, under atmospheric pressure before an additional 5–7 mg 
of sample was analyzed via TGA to obtain a final water content (Wf, %). 
The water saturation was then observed by taking the difference of the 
final and initial water content (Eq. 1). 

Water Retention = Wf(%) − Wi(%) (1) 

In addition to the water retention, the water holding capacity (WHC) 
was also measured. WHC is defined as the ability of a substance to hold 
water against the force of gravity [25,26]. The method utilized was 
found in accordance with the literature [27]. In short, the WHC was 
found to be equivalent to the quotient of the difference of initial weight 
(W0) and change of weight (ΔW) over the initial weight (Eq. 2). The 
initial weight was observed to be equivalent to one hundred times the 
initial water content of the sample (V0) over the sum of the initial water 
content and the initial dry mass of the sample (D0) (Eq. 3). The change of 
weight was found to be equivalent to one hundred times the difference 
in water content of the sample (ΔV0) over the sum of the initial water 
content and the initial dry mass of the sample (Eq. 4). 

WHC =
W0 − ΔW

W0
× 100% (2) 

W0 =
V0

V0 + D0
× 100% (3) 

ΔW =
ΔV0

V0 + D0
× 100% (4) 

3. Results and discussion

3.1. Surface morphology of co-activated Martian regolith with hydrochar

To elucidate the surface porosity evolution upon chemical activation 
of various MR- hydrochar mixtures, the surface porosity was quantified 
by characterizing BET-specific surface area (SSA), total pore volume 
(TPV), and micropore volume (MPV), as illustrated in Fig. 1. As observed 
in Fig. 1, with the increase of hydrochar constituent in the mixture, from 
5 % to 50 %, there was almost three folds increase in BET SSA from 
68.70 m2/g to 265.40 m2/g, whereas TPV and MPV increased by 84.4 % 
and 100 % respectively. This can be accounted for by an increased 
proportion of hydrochar in the mixture containing MR, before chemical 
activation, resulting in composites with enhanced surface porosity upon 
chemical activation. Conversely, decreased MR content in the mixture 
resulted in an enhanced pore formation as MR is an inorganic precursor, 
on which an activation agent has little to no effect on transforming it 
into a porous matrix upon activation [28,29]. Moreover, from the 
physicochemical characterization, it can be observed that MR has a 
carbon content of less than 1 %, as seen in Table 1, in which to exfoliate 
using KOH, in an attempt to create porosity through impregnation. 
Impregnation of hydrochar, with KOH, is known for its ablitiy to create 
high SSA [30]. Research have also reported that with an increased 
carbon content in the precursor from 48.70 % to 58.40 %, upon subse
quent analogous KOH activation technique, the porosity development 
was substantially observed to increase from 1.24 cm3/g to 1.56 cm3/g 
respectivly, which can be accounted for by the optimized HTC aroma
tization and dehydration reaction rate [31].

To determine the amount of carbon, nitrogen, hydrogen, sulfur, and 
oxygen existing within the co-activated MR, CHNS results were exam
ined and reported in Table 1. It was observed that MR contained less 
than 0.82, 0.57, and 0.31 wt% of carbon, nitrogen, and hydrogen, 
respectively. As also shown in Table 1, the hydrochar contained a wt% 
composition of 59.80, 0.85, and 4.58 % of carbon, nitrogen, and 
hydrogen, respectively, which follow the values discussed by Garlapalli 
et al. [32]. With increasing amounts of hydrochar, from 5 % to 50 %, the 
composite compositions of carbon, nitrogen, and hydrogen increased by 
211.40 %, 20.30 %, and 396.6 %, respectively. It was also observed that 
the amount of oxygen, in the composites, slightly decreased with the 
addition of hydrochar from 73 wt% to 66.80 %. MR has a high metal 
oxide content and thus contributes a large portion of oxygen to the 
CHNS composition, but has a low organic matter content [6]. In 
contrast, hydrochar has an enriched carbon content due to the organic 

Fig. 1. Surface porosity characterization of co-activated Martian regolith with hydrochar.
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nature of its precursor material, LP, as well as due to the aromaticity 
process during the production and activation [31,33].

3.2. Chemical and physical properties of co-activated Martian regolith 
with hydrochar

To analyze the thermal stability of the composites, TGA results were 
displayed in Fig. 2. As observed in Fig. 2, co-activated MRs exhibit a 
thermally stable curve, with an increasing amounts of MR. These results 
differ greatly from the control hydrochar, which degrades and looses an 
approximate 45 % more weight then that of the samples. With the 
decrease of hydrochar, from 50 % to 5 %, there was an increase in the 
amount of non-combustible material, ash, from 74.20 % to 76.30 %. 
This observation of high amounts of non-combustible material is indi
cated towards the amount of inorganic material in MR, as explained 
later.

To better evaluate the crystallinity and nature of the inorganic 
compounds present in the co-activated MR, XRD results were analyzed 
and plotted in Fig. 3. Cannon et al. reported the composition of MR to be 
43.20 % silicon oxide, 1.20 % titanium oxide, 9.40 % aluminum oxide, 
0.50 chromium oxide, 19.20 % iron oxides, 0.40 % manganese oxide, 
8.70 % magnesium oxide, 7.30 % calcium oxide, 2.70 % sodium oxide, 
0.50 % potassium oxide, 1 % phosphoric oxide, 5.50 % sulfur trioxide, 
and a balance of chlorine [6]. Aluminum and silicon oxides were both 
prevalent in consideration of the elemental composition [28,34]. This 
appears in the forms of Ferroan forsterite (Mg1.2Fe0.8SiO4), Forsterite 
(Mg1.8Fe0.2SiO4), and Plagiclase (Ca0.88Na0.12Al1.77Si2.23O8) [29,35]. 
Ferroan forsterite shows its prevalence at the 2 theta (2θ) values of 20◦, 
26◦, 42◦, and 60–62◦ [36]. Forsterite follows a similar trend. Plagioclase 
shows relevance in the 2θ values of 25.5◦ and 32–33◦ [37]. Iron oxides 
were noted to be prominent in the form of Hematite (27◦, 38◦, and 58◦), 

Maghemite (35◦), and elemental iron (52◦)[36,38]. Hydrochar was 
noted to contain a single silicon oxide peak at about 42◦ and 62◦ [39]. It 
was observed that as the amount of hydrochar increased from 10 % to 
50 %, the intensity of crystalline structures decreased significantly due 
to the increase of noncrystalline organic structures.

To better observe the surface functionality of the co-activated MR, 
the FTIR data was quantified and displayed in Fig. 4. MR containing 
samples at a broad peak range between 3304 cm− 1 and 3418 cm− 1 were 
observed to be ascribed to O-H bonds. At about 1650 cm− 1, samples 

Table 1 
Physical and chemical characterizations of co-activated Martian regolith with hydrochar at different ratios.

Sample Surface pH pHPZC Carbon (%) Nitrogen (%) Hydrogen (%) Sulfur (%) Oxygen (%) Ash (%)

MR 6.98 6.80 0.82 ± 0.07 0.58 ± 0.29 0.03 ± 0.03 0 ± 0.12 93.50 ± 0.06 95.20
H5-M95 9.38 9.71 1.20 ± 0.64 0.57 ± 0.27 1.50 ± 0.84 0 ± 0 72.90 ± 1.60 76.30
H10-M90 10.11 10.65 2.10 ± 0.27 0.69 ± 0.34 2.10 ± 0.17 0 ± 0 73.60 ± 0.79 78.60
H25-M75 9.96 10.30 1 ± 0.27 0.66 ± 0.31 1.60 ± 0.19 0 ± 0.07 82.40 ± 0.25 85.60
H50-M50 9.26 9.55 5.80 ± 1.30 0.87 ± 0.41 0.81 ± 0.48 0 ± 0.08 66.80 ± 1.8 74.30
H260 4.63 3.70 59.80 ± 1.50 0.85 ± 0.02 4.60 ± 0.06 0 ± 0 0 ± 1.50 10.90

Fig. 2. Thermogram of co-activated Martian regolith with hydrochar.

Fig. 3. Crystallinity of co-activated Martian regolith with hydrochar.
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with hydrochar defiant compositions were observed to display C––O 
bonds in the form of amide I [40]. Hydrochar showed a conformation of 
C-H angular deformation at 1074 cm− 1, linked to the aromatic structure 
contained in the sample [41,42]. As hydrochar content decreases in 
composition, samples show the presence of Si-O-Si which can best be 
described by the literature to be reflected at about 987 cm− 1 [43,44]. 
Hydrochar-deficient composites of less than 50 % hydrochar showed 
conformations of Al-OH-Fe at about 847 cm− 1 when a strong O-H bond 
was prevalent [43,45]. Finally, it was observed that all MR-containing 
products showed peaks at about 570 cm− 1, attributed to S-S and C-S 
bonds [40,46].

In addition to characterizing the surface functionality of the co- 
activated MR, the effect on the pH was desired by computing the sur
face pH and the point of zero charge, as quantified in Table 1. It was 
observed that with increasing amounts of hydrochar, from 5 % to 50 %, 
the surface pH was measured to be 9.38 and 9.26, respectively. This 
value increased by 3.40 % and 3.04 % respectively, indicating the for
mation of basic functional groups on the surface of the co-activated MR 
[23,47].

In order to further observe the surface functionality of the co- 
activated MR, the point of zero charge and surface pH was obtained in 
Table 1. It was observed that the MR had a surface charge of about 7 and 
a point of zero charge of about 6.80. As described by Fiol et al., the 
surface pH and point of zero charge reveal the affinity, of the substance, 
for interaction with ionized bonding sites, pointing towards MR having 
an affinity for the sorption of anions [48]. To the author’s knowledge, no 
previous studies on the surface pH or point of zero charge of MR, have 
been reported. Hydrochar had a surface charge and point of zero charge 

of about 4.60 and 3.70, respectively, also indicating a positive affinity 
for the sorption of anions. The results are in agreement with the litera
ture values of about 4.10 and 3.70 respectively [23]. After activation, it 
was observed that the co-activated MRs displayed that they had a sur
face pH of about 9.40, 10.10, 10, and 9.60 with increasing amounts of 
hydrochar. When paired affinity for the sorption of cations due to the 
point of zero charge being greater than that of the surface pH [49].

3.3. Water retention and water holding capacity of co-activated Martian 
regolith

With the goal of extraterrestrial exploration and advancing life on 
Mars, the ability to prevent the loss of water from Martian regolith has 
been pivotal. It can be observed in Fig. 5 that as the amount of hydrochar 
increased from 5 % to 50 % in composition, the amount of water lost, 
after 24 hours, increased by 20 wt%. This can be attributed to the high 
silicon, and other metal oxide contents in the composite samples [50, 
51]. Amiinu et al. discussed the impact of silicon oxide on water, uti
lizing surface adsorption as the driving mechanism [52]. In short, the 
surface silicon bonds with a hydroxide group from the water, which then 
loosely bonds to another silicon molecule. This forms a solid structure 
that has a hydrophilic shell and a hydrophobic interior [51–53]. This is 
applicable when consideration of the large quantities of ice observed on 
the surface of Mars [54].

Although this allows insight into how the co-activated MR will act 
over 24 hours, the water holding capacity (WHC) was found to observe 
the rate of total saturation possible, giving further insight into water 
retention capabilities. The WHC of MR and hydrochar were observed to 
be about 30 % and 50 % in value, as depicted in Fig. 6. With the addition 
of hydrochar, from 5 % to 50 %, it was observed that the WHC decreased 
from 96.20 % to 80.92 % respectively, as also observed in Fig. 6. 
Although hydrochar is an effective method to increase the surface area, 
demonstrating an increased surface area of the composites by 386.60 %, 
from 5 % to 50 % of hydrochar constituent in composites, the natural 
hydrophobic tendencies of hydrochar, can hinder the WHC [55,56]. 
Therefore, deriving MR- hydrochar composites could be a promising 
route of imparting moisture in Mars regolith.

4. Conclusions

The objective of this study was to co-activate Martian regolith (MR) 
with loblolly pine-derived hydrochar to innovate the porous carbon 
materials that can lay the foundation for future space applications in 
advancing agriculture and hence life on Mars. A variety of ratios of 
hydrochar to MR were extensively investigated and the primary findings 
successfully demonstrated to improve surface characteristics, including 
increased surface area and pore volume 265.40 m2/g and 1.56 cm3/g as 

Fig. 4. FTIR analysis of co-activated Martian regolith with hydrochar.

Fig. 5. Water retention of co-activated Martian regolith and hydrochar 
after 24 h.
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well as an increased carbon content of 211.40 % more than that of MR, 
in the case of 50 % hydrochar composition. Furthermore, the capacity to 
retain water in MR was substantially improved via co-activation of MR 
as it recorded favorable trends of low water loss, as low as 4 %, and 
minimal water loss, of less than 1 %. Therefore, it was effectively 
concluded that with the addition of hydrochar, the properties of MR 
could be favorably enhanced with the optimal ratio, in this study, con
taining 50 % hydrochar due to its high surface area, porosity, and car
bon content, as well as a high water retention capacity and compatible 
water holding capacity.
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