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ABSTRACT  
HydroThermal Carbonization (HTC) provides an opportunity to convert condensed distillers 
solubles (CDS) to value-added products that can generate incremental cash flow to the operation 
of corn ethanol plant that is essentially independent of corn prices. CDS can be converted to 
hydrochars that are subsequently converted by metal salt doping and thermal post treatment to 
function as absorbents for phosphorous and a broad spectrum of organic chemicals. Additionally 
the crude, unmodified hydrochar can serve as a soil amendment for improving soil fertility and 
corn productivity. The filtrate by-product of the HTC process has been shown to have potential 
as a liquid fertilizer for corn.  
In a previous project funded by the Minnesota Corn Research council and AURI (AURI project 
AIC2101N, 6/30/2015)., an economic assessment was made for a 100GPY corn ethanol plant to 
determine what impact an HTC addition could have on cash flow. The incremental cash flow 
potential is highly dependent on the price that can be realized for the hydrochar itself. At the low 
end of $350/ton of hydrochar the PBT is about $500k with an after tax ROI in excess of 15%.  
This assumes a crude hydrochar with no augmentation or activation of the char by post 
processing with metal salts and thermal heating to increase porosity and surface area. Activated 
chars are priced in the range of $500-$2300/ton from China and $4600-$9000/ton for products 
produced in the U.S. This would suggest a two -tier market consisting of “crude” hydrochar at 
the low end and some form of “activated” char at the high end. 
CDS in the corn ethanol plant represents a clean and reliably consistent concentrated point 
source of biomass for conversion to hydrochar and subsequently high value-added activated 
carbons. Improved cash flown from ethanol production benefits both producers and farmers in 
the supply chain. This is also a unique opportunity to purposely design soil amendments for 
improving soil fertility, corn productivity, and increasing the sustainability of agricultural 
production. 
 



 
INTRODUCTION 
 
The profitability of a corn ethanol plant is driven by the price of ethanol and DDGS balanced by 
the cost of corn.  Corn prices can vary substantially from year to year and this can result in a 
“feast or famine” economic environment in corn ethanol plants. Generating new value-added 
products from the thin stillage stream offers an opportunity to add more positive cash flow to the 
equation independent of corn prices and is the purpose of this research. 
Thin stillage is a potential source for several value-added bio-based products that includes  
fertilizers and adsorbents that are produced by a process called Hydrothermal Carbonization 
(HTC). Hydrochar porosity and structure can be modified by post chemical and thermal 
treatment for applications similar to activated carbons. 
 
 
The HTC processing unit would be inserted in the process flow to receive the condensed 
distillers solubles (CDS) from the oil recovery centrifuge as indicated in the schematic below. 
HTC will remove a portion of the solids present in the concentrated thin stillage in the form of a 
hydrochar to which some of the phosphorous that was dissolved in the thin stillage and the 
remaining corn oil (in form of fatty acids) are sorbed by the hydrochar. The hydrochar with 
sorbed components is recovered by conventional filtration. The filtrate from the HTC unit that 
still contains 70%+ of the original solids including N,P and K could be utilized as a liquid 
fertilizer for corn. 
 

 



 
In previous work sponsored by the Minnesota Corn Research Council and AURI, it was shown 
that post thermally treated HTC hydrochars are effective as absorbents for hydroxymethyl 
furfural and furfural (AURI project AIC2101N, 6/30/2015). Subsequent unpublished results 
indicate application to a broader range of organic chemical sorption. 
The incremental cash flow potential is highly dependent on the price that can be realized for the 
hydrochar itself. The AURI report referenced above presents a detailed economic analysis for a 
100MGPY ethanol plant. At the low end of $350/ton of hydrochar the PBT is about $500k with 
an after tax ROI in excess of 15%.  This assumes a crude hydrochar with no augmentation or 
activation of the char by post processing with metal salts and thermal heating to increase porosity 
and surface area. Activated chars are priced in the range of $500-$2300/ton from China and 
$4600-$9000/ton for products produced in the U.S. This would suggest a two-tier market 
consisting of “crude” hydrochar at the low end and some form of “activated” char at the high 
end. A focused effort, beyond the scope of this work, would be required to develop the products 
and the economics. 
 
 
OBJECTIVE AND GOAL STATEMENTS 
Objective 1. Perform HTC experiments to fully explore range of magnesium –oxide hydrochar 
products that will function as effective soil amendments to absorb phosphorous and possibly 
nitrogen from aqueous medium. 
 
Objective 2. Construct hydrochar-phosphorous slow release fertilizers utilizing various metal 
salts such as zirconium chloride, calcium chloride and the like. 
 
Objective 3. Confirm that Struvite fertilizer can be made from HTC/CDS filtrate and assess 
economics of such a process. 
 
Objective 4. The developed hydrochars will be characterized for the sorbed volatile contents both 
through headspace thermal desorption and solvent extraction techniques to evaluate the impact of 
production conditions on the resulting sorbed volatile components as well as %C, %N, surface 
area, moisture content, volatile content, and fixed carbon. 
 
Objective 5. Absorption isotherms for phosphorous and nitrogen will be determined for those 
hydrochars showing the most promise. 
 
Objective 6. Conduct elemental analysis to assess N/P binding properties 
(dissolution/plant availability/soil nutrient addition) as well as investigate potential N/P 
binding mechanisms. 
 
Objective 7. Assess biological effects (seed germination and seedling growth) for the“best” 
products resulting from objectives 1 and 2. 
 
MATERIALS AND METHODS   
 
Hydrochar Preparation 
 



Hydrochars are prepared in either a 0.5 liter or 1.0 liter Paar reactor. Conditions are standardized 
at T = 2250C, time = 2 hours, starting concentration of solids in the CDS = 30%. 
Metal doping of hydrochars is achieved by adding a solution containing the metal of interest  
( i.e. zinc chloride, magnesium oxide, etc.) to the char and then drying the wet char. 
Subsequently the metal -doped char is post thermally treated at 600 0C for one hour in an inert 
Argon environment. 
 
Phosphorous Sorption 
 
To determine P-sorption, an isotherm was created with the following initial concentrations of 
each of the test species [0.2, 0.5, 2, 5, 10, and 20 ppm solutions (20 mL)] were placed in 50 mL 
centrifuge tubes along with 0.5 g of the respective hydrochar.  The tubes were then placed in a 
shaker for 24 hours (70 cycles/min).  A subsample of the liquid concentration was analyzed by 
colorimetric analysis (LACHAT) for N species (NO3, NH4) and total available P.  The sorbed 
concentration was calculated by the mass difference between initial and equilibrated solution 
concentrations. 
 
GC-MS Headspace Analysis of Hydrochars 
 
Typically, 0.2 g hydrochar samples were placed into a 10 mL headspace vial (#5182-0838, 
Agilent, Santa Clara, CA) and sealed with Teflon-lined high-temperature silicone septa (#22831, 
Restek Corp.; Bellefonte, PA).  For the analysis here, hydrochar samples were thermally heated 
to 150 oC for 10 min in a sealed headspace vial prior to injection.  Qualitative peak identification 
was conducted by comparing the collected ion spectra to the reference spectral library (NIST; 
Perkin-Elmer; Waltham, MA).  Peak retention times and library spectral identification was 
confirmed with external liquid standards (AccuStandard; New Haven, CT), which were injected 
as a liquid (<5 µL) into a sealed headspace vial and analyzed under the same conditions.  Only 
qualitative analyses were conducted, due to the high number of identified peaks that lead to 
overlapping and co-eluting interferences.  In addition, extraction efficiency of VOCs from 
charcoal (hydrochar) was known to be a function of the compound and hydrochar (Raguso & 
Pellmyr, 1998), which leads to dissimilar extraction efficiencies for various hydrochars.  
Therefore, further refinement in the analytical techniques is needed before accurate 
quantification can be accomplished by headspace methodology.  An 85% level of certainty in the 
spectral match criteria was used as a cut-off for spectral identification.   
 
Corn Seed Germination 
 
Germination effects were studied by observing germination over the course of a week in 
response to various dilutions of filtrate, while keeping the moisture addition constant.  The 
experiment was conducted by evenly spreading 20 corn seeds across the 8.6 cm circular, blue 
blotter paper (Anchor Paper Co.; St. Paul, MN, USA) inside a standard petri dish (9 cm 
diameter).  Corn seeds were selected for uniform size (20 g per 100 seeds) prior to placement 



within each petri dish.  Blotter paper of each treatment was saturated with 5 mL of the hydrochar 
slurry or filtrate being evaluated.  The experiment was conducted in triplicate. 

The hydrochar slurry was prepared by mixing initially 50 g of the hydrochar with 100 mL 
of deionized water.  Daily visual assessments were made to monitor seed germination progress.  
Seed germination was taken as the time when the radicle could be seen emerging from the seed 
coat and cumulative germination percentage data was then used to assess mean germination time 
(MGT) (Chang & Sung, 1998).   

For the germination assessments, data presented represents the means of the triplicate 
samples for all treatments.  One-way analysis of variance (ANOVA) was performed using the R 
software environment (R Development Core Team, 2010) to determine statistical significance of 
the hydrochar type.  If statistical significance was present, the Tukey-Kramer Multiple 
Comparisons Test was then used to test between means of seed germination by treatment 
[HSD.test; (Mendiburu, 2014)].   

The time series data of the cumulative germination for each treatment was fit to an 
empirical germination curve and analyzed for mean germination time (MGT) according to 
methods used in Chang and Sung (1998). The MGT were analyzed with an analysis of variance 
(ANOVA) to assess statistically significant difference between treatments.  
 
Availability of Phosphorous (P) from Hydrochars (desorption) 
 
Various hydrochars were sequentially washed with DI water to analyze the release of P from the 
hydrochar.  0.5 g of the hydrochar was exposed to sequential rinsing with 50 mL of DI water.  
The samples were centrifuged, decanted and then a fresh aliquot of 50 mL of DI water was added 
to the solid residue in the centrifuge tube.  This process was repeated a total of three times.   
 
 
 
 
RESULTS AND DISCUSSION 
 
Objective 1: . Perform HTC experiments to fully explore range of 
magnesium –oxide hydrochar products that will function as effective soil 
amendments to absorb phosphorous and possibly nitrogen from aqueous 
medium . 
The ability of metal oxide chars to sorb phosphorous from aqueous medium was reported by 
researchers at the University of Florida (Zhang, et. al., 2012) for various biomass sources. For 
woody biomass chars (pine wood) they reported removal of 67% of the phosphorous at 
equilibrium from a solution containing 20 ppm phosphorous. Subsequently, we conducted 
experiments with a CDS hydrochar that had been infused with MgCl2 and post heat treated at 
6000C for several hours in an inert gas atmosphere. This treatment increases porosity and surface 
area of a hydrochar by 2-3 orders of magnitude. When tested with a challenge solution at 87 ppm 
phosphorous the Mg- modified hydrochar sorbed 67% of the phosphorous at equilibrium.  
 



An important application for phosphorous absorbing hydrochars is the removal of phosphorous 
from agricultural runoff waters before they can reach a water resource such as a stream or lake to 
prevent algal growth and subsequent eutrophication. To this end the phosphorous loading is at 
least an order of magnitude less than the challenge solutions reported in the literature and 
confirmed by our initial experiments. Subsequently experiments were performed with a 
phosphorous challenge solution of 2ppm. The results are shown in Table 1 for various hydrochar 
samples made from CDS 
 
 
Table 1. Linear sorption distribution coefficients, (Kd), for phosphorus sorption to hydrochars. 

  

Phosphorus 
Linear 
Sorption 
(Kd) 

Equilibrium 
Sorption at 

2 ppm P 
solution 
(mg/kg) 

  

BC# Sample Info      

BC254 ZTP-8 Original Char (#2) --     

BC253 ZTP-8 Acid Washed 3.3 6    

       

BC255 ZTP-10 ZnCl2* 544.2 1000   
 

BC261 ZTP10-3MgO** 170.5 340    
. 
*= acid washed and ZnCl2  added and post heat treated at 600C for 1 hour 
** = acid washed and MgO added and heat treated at 600C for 1 hour 
 
One can conclude the following from these data: 

• The original char that contains phosphorous sorbed during the HTC process will 
not sorb additional P from the challenge solution 

• Acid washing the crude char to remove the sorbed P does not result in a product 
with sorption capacity for P from the challenge solution. 

• Crude char, acid washed and post treated with metals exhibits a sorptive capacity of 
340-1000 mg P per kg of char. 

• ZnCl2 imparts a higher sorption capacity to heat treated char than MgO. 
The mechanism for phosphorous binding from the CDS can be due to two possible binding 
phenomena. In the HTC process phosphorous binds to di or trivalent cations from metals that are 
in the feedstock along with the phosphorous. As the hydrochar is formed there are two possible 
explanations for the binding. The first is ligand binding of the metal-phosphorous complex to 
carboxyl groups on the hydrochar. The second is a physical occlusion of the metal-phosphorous 
complex as the hydrochar is forming. It is possible that both mechanisms could be responsible 
for the binding. 

In the case of the “crude “ hydrochars the existing phosphate is complexed with metals, 
such as iron, from the feedstock and the resulting char has no excess capacity for further sorption 
of P.  The acid washed char has had all of its phosphorous and active metals extracted and is 



essentially inactive with respect to further P sorption. In the case of the chars with added metals 
and post treated the presence of excess divalent cations (e.g. Zn) can form insoluble phosphorus 
salt precipitates [with phosphate (PO4

-)] and reduce the available P and metal concentrations in 
solution (Crannell et al., 2000).  Thereby, the difference in the sorption of the materials might not 
be linked to the material chemistry at all, and solely to the presence of abundant cations to form 
insoluble metal-phosphate complexes that become bound to the char surface. This could be a 
mechanism behind the difference in sorption behavior between the Zn treated hydrochar (BC-
255) and the companion non-treated hydrochar (BC-253), which would not be related to the 
surface chemistry of the hydrochar. Initial investigations into the surface morphology of the 
ZnCl2 treated hydrochar did confirm precipitated salts on the ZnCl2 treated hydrochar (Figure 1), 
which potential could serve as sources for dissolved Zn+2 leading to the precipitation reactions. 

 
 

 

 
 



 
 
 
 
 
 
 
 
 

Figure 1. (A) Scanning electron micrograph of the ZnCl2 treated hydrochar after the post-
treatment (BC-255) along with (B) the EDS (electron dispersion spectroscopy).  The scale bar in 
Figure 1A shows a bar of 5 microns in length.  Also note the present of the salts (white cubes and 
flat plate like crystals), potentially suggesting a source of soluble Zn salts (27% by weight or 7% 
by atom percent). These Zn cations could be the source of the increased sorption/precipitation by 
the hydrochar.  
 
 
  
Objective 2. Construct hydrochar-phosphorous slow release fertilizers 
utilizing various metal salts such as zirconium chloride, calcium chloride 
and the like. 
 
CDS hydrochar in crude form (filtered and unwashed), ZTP -8, was placed in DI water to assess 
the extractable nutrient content (N/P). The results were; NH3 = 3371.4 mg/kg char, NO3 = 226.1 
mg/kg, PO4 =9769.6mg/kg.  

 

The availability of phosphorous (P) from hydrochar or desorption was measured. Various 
hydrochars were sequentially washed with DI water to analyze the release of P from the 
hydrochar.  0.5 g of the hydrochar was exposed to sequential rinsing with 50 mL of DI water.  
The samples were centrifuged decanted and then a fresh aliquot of 50 mL of DI water was added 
to the solid residue in the centrifuge tube.  This process was repeated a total of three times. The 
results for a standard CDS hydrochar with no added metals are shown in Table 2.  
 Phosphorous is readily desorbed from the hydrochar. 
 
Table 2. Phosphorous leaching from CDS hydrochar 
 

      mg P/kg  C/C_max 

62R1_1_100  Initial 
              

19,013   1 

62R2_1_100  2nd rinse 
              

10,953   0.58 

62R3_1_100  3rd rinse 
                

4,333   0.23 

Element 
  

Weight % 
 

Weight % 
  Error 

Atom % 
 

Atom % 
  Error 

   C   59.03 +/- 0.65   83.40 +/- 0.92 
   N     1.89 +/- 1.38     2.29 +/- 1.68 
   O     1.82 +/- 0.29     1.93 +/- 0.30 
  Na     1.75 +/- 0.17     1.29 +/- 0.13 
  Mg     0.06 +/- 0.05     0.04 +/- 0.04 
   P     0.02 +/- 0.05     0.01 +/- 0.03 
  Cl     8.41 +/- 0.26     4.03 +/- 0.12 
   K     0.01 +/- 0.08     0.00 +/- 0.04 
  Ca     0.00       ---     0.00 +/- 0.00 
  Zn   27.02 +/-30.87     7.01 +/- 8.01 
Total 100.00  100.00  



Additional desorption experiments were performed on CDS hydrochars, with added magnesium 
and iron (MNK86 & 87) and without added metals, (MNK 62) that had all been washed prior to 
desorption to asses the effect of added metals on rate of desorption. In the case of hydrochar 
without added metals the phosphorous was essentially desorbed and biologically available within 
24 hours. This was also the case with hydrochar with added magnesium. However, for the 
hydrochar with added iron, desorption and bioavailability was considerably less. This would 
have implications for use of the hydrochar as a fertilizer or additive for soil improvement. 
Phosphorous would be readily available to the plants for the hydrochars either with magnesium 
added or with no metals added. For the iron containing hydrochar phosphorous would be 
essentially unavailable for plants. These data would indicate that  HTC hydrochar is 
not a slow release fertilizer.  
 
Objective 3. Confirm that Struvite fertilizer can be made from HTC/CDS 
filtrate and assess economics of such a process.  
 
As indicated in the progress report of November, 2014, we have isolated struvite,  
Mg(NH4)(PO4), and Ca3(PO4)2 from hydrochars and filtrates obtained from hydrothermal 
carbonization of CDS. Struvite is a solid, slow-release fertilizer that has been determined to be 
comparable to super triple phosphate as a fertilizer for corn. Struvite is currently being 
manufactured by the patented Pearl technology currently marketed by Ostara 
http://ostara.com/about/. Pearl technology is utilized in wastewater treatment plants (WWTP) to 
recover phosphorous by a crystallization process in the form of Struvite. The incentive for the 
WWTP is the elimination of Struvite scale in pipes and pumps that increases the operating costs 
in a WWTP.   
The feedstock for Struvite production in a WWTP is basically a negative value effluent that 
presents a disposal and operational problem to the WWTP. Converting this to a fertilizer and at 
the same time solving an operational problem with scale formation makes sense for a WWTP. 
But the same logic does not apply to a corn ethanol plant since thin stillage does not present a 
disposal problem and has a positive cash value. Therefore, an economic assessment of Struvite 
manufacture from thin stillage was deemed unnecessary. 
 
 
 
Objective 5. Absorption isotherms for phosphorous and nitrogen will be 
determined for those hydrochars showing the most promise. 
 
Phosphorous sorption of the various hydrochar constructs was previously discussed under 
objective 1 with results shown in Table.1. 
In addition sorption isotherms were determined for the most promising of the metal constructs, 
ZnCl2 , as well as the crude char that had been acid washed to remove all P previously sorbed 
from CDS during HTC processing. A comparison of these two hydrochars indicates the benefit 
from post treating with ZnCl2 and subsequent heating at 6000 C in an inert atmosphere which 
increases porosity and surface area of the hydrochar construct. These isotherms are shown in 
Figures A1 and A2. below. 
 
 
 



 
Figure A1. Sorption isotherm for BC-255 (ZnCl2 treated) [Kd = 544.2 L/kg] 

 
Figure A2 P Sorption isotherm – Acid Washed CDS hydrochar (Acid ZTP-8).   
 
Notice the significant decrease (2 orders of magnitude) in sorption compared to BC-255. 
This increase in sorption of the ZnCl2 construct is likely due to two factors, the presence 
of the divalent cation (Zn) embedded in the char (see discussion under objective 1) and 
the increased porosity due to post thermal heat treatment of the construct. With this in 
mind it is not surprising that the P sorption of BC255 is so low since acid washing strips 
the divalent cations that are responsible for P sorption. 

 
 
 
 
 
Note: For purposes of discussion, Objectives 4 & 6 are considered together.  



 
Objective 4. The developed hydrochars will be characterized for the sorbed 
volatile contents both through headspace thermal desorption and solvent 
extraction techniques to evaluate the impact of production conditions on the 
resulting sorbed volatile components as well as %C, %N, surface area,  
moisture content, volatile content, and fixed carbon. 
 
Objective 6. Conduct elemental analysis to assess N/P binding properties 
(dissolution/plant availability/soil nutrient addition) as well as investigate 
potential N/P binding mechanisms. 
 
 
Ultimate and proximate analysis of hydrochars.  
 
The composition of CDS hydrochar is dependent on processing conditions in the HTC reactor 
(time, temperature and solids content) as well as any post treatment such as acid washing (to 
remove P), solvent extraction (to recover fatty acids) or metal addition and post thermal 
treatment (to increase porosity and surface area). The baseline for composition is crude char that 
is found in the HTC reactor after processing. This char contains P and fatty acids and has not 
been refined by subsequent processing. A sample of the crude hydrochar (ZTP-8 Original Char) 
was sent to a commercial lab for ultimate and proximate analyses (KMT laboratory, Iowa).  
These results are provided in Table 3. The crude hydrochar has a heating value of 9,200 to 9,800 
BTU/lb., which is higher than lignite (8,000 BTU) and lower than an average value used for coal 
(12,500 BTU).  
 
 
As seen in Table 3, the hydrochar possesses a high volatile matter content (61%) and a low fixed 
carbon content (19%). 

 
Table 3. Ultimate and proximate analysis of hydrochars. 

 Original 
(as received) 

Moisture 11.77 
Ash 8.9 
Volatile 
Matter 

60.6 

Fixed 
Carbon 

18.7 

  
C 50.6 
H 7.33 
N 3.14 
O (*) 28.77 
S 1.27 
Heat Value 
(Btu) 

9151 – 9831 



(*) Estimated as O = 100 – C – H – N – S 
 
Impact of Acid Washing 
: 
Samples of crude hydrochar and acid extracted hydrochar were subjected to analysis following 
the standardized methods (Peters et al., 2003) (Waypoint Analytical; Memphis, TN).  
Results: 
Table 4 illustrates the impact on nutrient availability in the acid washed hydrochar compared to 
the crude, unwashed hydrochar. In particular, phosphorus, potassium, sulfur, magnesium, 
calcium, and sodium were nearly washed entirely from the hydrochar.  On the other hand, 
nitrogen, chromium, and nickel appear to be held by the hydrochar, and thereby increases 
(>100%; Table 4) following the acid rinsing are observed.  
 
Table 4. Elemental composition of the hydrochars (pre and post- acid washing) 
 

 Original 
(dry basis) 

Acid Washed 
(dry basis) 

% 
reduction/increase 

Moisture (%) 11.6 8.5  
Solids (%) 88.4 91.5  
    
Nitrogen (%) 0.12 0.36 +190.3 
Phosphorus (%) 2.01 0.03 -98.5 
Potassium (%) 1.98 0.007 -99.6 
Sulfur (%S) 1.30 0.281 -78.4 
Magnesium (%) 1.05 0.002 -99.8 
Calcium (%) 0.05 0.01 -80.0 
 (ppm for the nutrients below) 

 
 

Sodium  2040 67.2 -96.7 
Iron  147 151  
Aluminum  6.3 5.5  
Copper  43.9 23.8 -45.8 
Manganese 5.5 8.3  
Zinc  113 56.8 -49.7 
Boron  <40 15.1  
Chromium 11.3 36.9 +226.5 
Nickel 24.9 31.3 +125.7 
Lead <0.3 <0.3  
Cadmium <0.1 <0.1  

 
GC-MS Headspace Analysis of Hydrochars for Sorbed Volatile Components. 
 
 
Procedural details are found in the Materials and Methods section of this report. Typical results 
are illustrated in Figure 2. 
 
 The results for the hydrochar along with the corresponding filtrate are shown in Figure 2.  



 
Figure 2.  Comparison of the GC-MS chromatograms of the filtrate (light blue) and the 
hydrochar (green). Notice the drastic difference in the chemical compounds and 
speciation between the hydrochar and the filrate.  This data suggests very limited sorption 
by the hydrochar of compounds present in the filtrate. 
 
There does not appear to be any suggestion of the sorption of aromatic compounds 
present in the filtrate to the hydrochar. The hydrochars are dominated by the present of 
aldehydes (e.g., pentanal, hexanal, and heptanal).  These compounds are used in 
fragrances, lubricants, and resin production; and could be partially responsible for the 
hydrochar odor. The absence of these aldehydes in the filtrate is likely due to the use of 
flashing of steam to cool the HTC reactor contents after completion of the reaction. 

 
 
 
 
Objective 7. Assess biological effects (seed germination and seedling growth) 
for the“best” products resulting from objectives 1 and 2. 
 
 
The rates of corn germination were monitored for the various hydrochars (Table 4). The CDS 
hydrochars had no impact on germination time compared to the control and the total germination 
percentage was not impacted (Figure 3).   
 
 
 
 
 



 
Figure 3. Seed germination rates observed with the addition of CDS 
hydrochar 
 
 
 
 
 
 
Table 4. Mean germination times for the various hydrochar replicates 
 

Treatment  Mean 
Germination 
Time (MGT) 

(days) 

 

Control  3.44  a 
CDS     

62  3.51  a 
63  3.48  a 
64  3.46  a 
65  3.50  a 
66  3.55  a 
67  3.40  a 
68  3.51  a 

Note: the Tukey-Kramer Multiple Comparisons Test was used to test between 
means of seed MGT by treatment.  Means with the same letter are statistically 
equivalent. 

 
 
 



 
CONCLUSIONS 

• CDS crude hydrochar in native form (filtered and unwashed) has an                                 
extractable nutrient content of NH3 = 3371.4 mg/kg char, NO3 = 226.1 
mg/kg, PO4 =9769.6mg/kg. This is roughly equivalent to a NPK of 
4:3:1                                                                                             

• The sorption of phosphorous might not be linked to the material 
chemistry of a hydrochar through ligand binding but more likely to 
the presence of abundant cations to form insoluble metal-phosphate 
complexes that become bound to the char surface.  

• ZnCl2 imparts a higher sorption capacity to heat treated char than 
MgO. 

• Post heat-treated hydrochar –ZnCl2 will sorb over 100 times more 
phosphorous from a 2ppm challenge solution than acid washed or 
crude hydrochar. 

• Acid washing crude char from the HTC process removes both 
phosphorous and cations and reduces the acid washed char‘s 
phosphorous sorbing capacity to near zero. 

• Phosphorous sorbed on crude hydrochar will desorb the phosphorous 
in about 72 hours when placed in water.  

• Hydrochar with added Fe will not readily desorb bound phosphorous 
and its phosphorous is not readily available to plants. 

• Crude hydrochar has a heating value of 9,200 to 9,800 BTU/ib., which 
is higher than lignite (8,000 BTU) and lower than an average value 
used for coal (12,500 BTU). 

• Crude CDS hydrochars had no impact on germination time of corn 
seed  and the total germination percentage was not affected. 
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