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                                                              Abstract 

Speciation of Aluminum During the Formation of Aluminum Chlorohydrate: A Combined Kinetic 

and Mass Spectrometry Study 

Mohammad Fakrul Islam, Ph.D. 

 

The University of Texas at Arlington, 2019 

 

Supervising Professor: Frederick M. MacDonnell 

Aluminum chlorohydrate (ACH) is synthesized in a heterogeneous reaction of aluminum ingots 

or pellets with aqueous hydrochloric acid. This exothermic reaction produces copious amounts 

of hydrogen gas and ultimately generates product grade aluminum chlorohydrate when the 

specific gravity of the solution reaches 1.33-1.35. Other product specifications include 3.5-4.0 

pH, 7.9-8.4 wt.% chloride, 23-24 wt.% Al2O3, low turbidity (<50 NTU) and high basicity (>83%). 

A relative study of aluminum ingot with pellet shows that the reaction rate highly depends upon 

the size of the aluminum in terms of the surface area, as expected. The smaller the size of the 

aluminum solid, the higher the surface area to mass ratio, and the faster the rate of the ACH 

product formation. In a kinetic study of this reaction under commercial production conditions, we 

recorded the [Al3+] in the ACH solution versus time, using an ICP-OES to measure [Al3+], and 

observed that aluminum pellet (3.2 mm, 9.5 cm2/g surface area) reacts 6.5 times faster than the 

aluminum ingot (surface area 0.3 cm2/g, 2.27 kg bar) to produce specification grade ACH.  The 
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reaction is always run with an 150% excess of aluminum and calculations show that 60% of the 

aluminum added is now dissolved.  

In subsequent studies, we explored the role of trace metallic impurities, such as Fe, Co, 

Ni, and Cu in the kinetics of the ACH synthesis reaction.  Experienced producers of ACH had 

long noted that if the aluminum was too pure the reaction would not ‘kick-off’, meaning take off 

and generate heat such that the reaction accelerated itself. Presumably the impurities in the 

aluminum play some role in the reaction kinetics.  In a side-by-side study of ACH production in 

which aluminum with two different purities (99.99% and 99.82%) were used, we observed a 

substantial increase in the reaction rate (11.5 times) for those made with less pure Al. Additional 

studies show that a similar acceleration of the reaction can be accomplished by the deliberate 

addition of small quantities of these metal salts, including FeSO4
.7H2O and NiSO4

.6H2O, 

suggesting that the mechanism of catalysis is via lowering the reaction barrier to hydrogen 

formation, i.e. these metals serve as better hydrogen evolution sites (catalysts) than Al.  We 

observe that Ni >> Fe, Co > Cu for accelerating the ACH reaction, which matches well with their 

overpotential for H2 evolution in acidic media.1  
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Chapter 1 

Introduction 

 

1.1 Chemistry of aluminum chlorohydrate (ACH) 

Aluminum chlorohydrate is a highly water-soluble aluminum complex with the general formula 

AlnCl(3n-m)(OH)m and which meets certain specifications in specific gravity, pH, basicity, turbidity, 

and Al content, as shown in Table 1-1.2,3 Aluminum chlorohydrate, which is a polymerized 

solution of polyaluminum hydroxychloride, contains 12% aluminum by mass and is the most 

concentrated homogeneous aluminum solution commercially available. Removal of some of the 

water from ACH results in a solid in which the aluminum content varies between 46-50%.2,4 The 

basicity of ACH, the degree of the aluminum polymerization and acid neutralization, is a measure 

of its neutralizing capacity and is reported as the ratio of OH- per aluminum charge.  If 5 of the 6 

positive charges on the aluminum are offset by hydroxides, the basicity would be 83%, which is 

the specification value for ACH. A basicity of 83% is also the highest basicity available in a stable 

solution form for any polyaluminum solution.4 Because of the high basicity, ACH is more efficient 

in coagulating the negatively charged contaminants in a water treatment process than other 

aluminum salts including alum, aluminum chloride, and related polyaluminum compounds, and 

leaves fewer negatively charged counterions in the resulting clarified solution.2,3,4 
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Table 1-1.  Industrial specifications for aluminum chlorohydrate solution (ACH) 

Alumina, % Al2O3  23.0-24.0 

Chlorides, % Cl  7.9-8.3 

Basicity, %   >83 

Specific Gravity (at 60oF) 1.33-1.35 

Turbidity                 <50 NTU 

pH    3.4-4.0 

In addition to the water treatment application described above, ACH in both solution and 

powdered form is also the active ingredient of many antiperspirants. Upon contact with the skin, 

ACH forms a variety of polymer species, some of which play a critical role in ACH’s activity as 

antiperspirant .5,6  

In terms of its structure, the hydrolysis products of ACH are highly pH dependent; below 

pH 4, it forms a trivalent aluminum cation surrounded with six water molecules to form an 

octahedral structure (figure 1-1).7,8 At higher pH, more complex aluminum hydroxy species form, 

which eventually leads to the formation of Al(OH)3 (s).  Above pH 8.0, most of the water soluable 

aluminum forms a tetrahedral tetrahydroxyaluminate ion, [Al(OH)4]-.  

 



 

 3 

                                                

              Figure 1-1: Structure of octahedral monomer species of aluminum chlorohydrate hydrolysis.8,9 

 

 

                                 

                             Figure 1-2: Structure of dimer-species of aluminum chlorohydrate hydrolysis.10,11  

Experimental data shows that there are a wide variety of aluminum polymeric species present 

in a bulk sample of aluminum chlorohydrate, usually ranging from polynuclear species between 

Al2 – Al200.7,10 The presence of these polymeric species can be found through several analytical 
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methods, including X-ray, 27Al NMR, Raman, IR, size exclusion chromatography, capillary 

electrophoresis, potentiometry, ESI-MS, and HPLC.12-15 However, few polymeric species, such 

as the monomer, dimer (figure 1-2), Al13 (figure 1.3) and Al30 aggregates, appear to be dominant 

species.2,15 In addition, to make Al13, two smaller Al species may condense in a stepwise 

polymerization reaction as seen in Rxn 1 – 3 below.2,7 Subsequent polymerization of the dimers 

and monomers gives higher nuclearity species. The dimer goes through further polymerization 

and forms various species such as Al3(OH)4(H2O)9
5+, Al6(OH)12(H2O)12

6+, Al13O4(OH)24(H2O)12
7+, 

and Al14-Al200 species.2  

                        3Al2(OH)5Cl. 2H2O                                           Al(H2O)6
3+ + 3Cl- + 5Al(OH)3     (Rxn 1) 

                      Al(H2O)6
3+                                                         Al(OH)(H2O)5

2+ + H+               (Rxn 2) 

                      2Al(OH)(H2O)5
2+                                              Al2(OH)2(H2O)8

4+ + 2H2O    (Rxn 3) 

The Al13 cluster is thought to be of particular importance and is believed to have the a-Keggin 

structure shown in Figure 1-3.  In this structure, the cluster has a central tetrahedral aluminum 

ion surrounded by twelve Al octahedrons, reformulated as (AlO4Al12(OH)24(H2O)12)7+.  

Experimental data to support the a-Keggin structure includes 27Al NMR and GFC studies, with 

NMR spectra confirming the presence of octahedral and tetrahedral Al3+ sites.  The special 

stability of this structure comes from the bridging of three of the oxygens on each of the 

octahedra with three neighboring octahedrons. As a result, a generally spherical and closed 

structure is formed with better stability than smaller and most larger clusters.   
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Figure 1-3: A polyhedral representation (left) and right space-filling model (right, hydrogens not shown) of the a-

Keggin structure proposed for the dominant Al13 species in ACH.7,16 

ACH chemistry has been investigated both experimentally and theoretically for quite 

some time, and it is clear that the ACH solution comprises a complex mixture of oligomeric 

species, some of which are dominant.16 This complexity and lability of Al3+ has also made 

isolation of individual species near impossible. Computational chemistry has been useful in that 

modelling can help identify certain stable structures over others.   

ACH has a wide variety of applications including drinking water treatment, sewage and 

industrial waste water treatment, and paper and cosmetics manufacturing.17,18  The evolution of 

the uses of ACH and the functioning mechanism in antiperspiration and water treatment 

processes are briefly discussed in the following section (1.1-1.2).  
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1.2 Antiperspiration  

Underarm perspiration, generated from the sweat glands, is essential for bodies in various ways 

including the regulation of body temperature, moistening and protecting the skin from dryness, 

and removing the lactic acid;  however, it does come with possible offensive smell.19,20 People 

have worried about offensive body odors since the ancient Egyptians, or even earlier.21 The 

Egyptians invented the perfumed bath, and they were known to apply perfume to their 

underarms. The Greeks and Romans regularly bathed in perfume and soaked their clothes in 

perfumed water so they could smell good. As there was a limited understanding about the source 

of the body odor, most of the activities were focused on masking the body odor using perfumes, 

scented candles, and essential oil.21  

In 1888, Mum deodorant became the first commercially available deodorant consisting of a zinc 

oxide cream and was applied to the underarm.21 Although it took care of the odor, it was not very 

effective against excessive perspiration. The first antiperspirant ‘EverDry’ became available in 

1903 and used aluminum chloride as the primary  active ingredient.21  Since this time, numerous 

commercial antiperspirants have been developed and almost all use different kinds of aluminum 

or zirconium salts as the active antiperspirants. However, the early antiperspirants were often 

quite acidic and prone to cause skin irritation and damage to clothing.21   

Around 1947, ACH was first synthesized and its mild pH helped overcome these 

problems.21 It has a pH range of 3.5-4.0, which is similar to the skin acid mantle and therefore 

does not irritate the skin. It is notably less acidic than aluminum chloride and so does not damage 

clothing. ACH also shows improved antiperspirant performance with no or limited adverse side-

effects.  In addition to ACH, sodium zirconium lactate was also found effective as an 

antiperspirant, although it was discontinued in the 1970’s by rule of the FDA.21 Currently the 
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most widely used antiperspirant ingredient is either aluminum chlorohydrate based or aluminum 

zirconium chlorohydrex-glycine.21  

ACH has two important functions as an antiperspirant.20,22 The first is to reduce the amount of 

secretion from the glands, and the second is to control the bacterial growth there. ACH can form 

a blockage (plug) deep within sweat ducts by altering the sweat duct permeability to fluids, 

consequently forming a superficially obstructing plug to inhibit the excretion of sweat from the 

sweat glands.5,6,21,22  

                       
                       Figure 1-4: Antiperspiration mechanism of aluminum chlorohydrate on human body.21 

 

1.3 Water treatment 

Aluminum chlorohydrate also functions as an active coagulant for water treatment.17,18 The two 

most predominantly used inorganic coagulants are aluminum-based and iron-based coagulants. 

Aluminum-based coagulants are mainly alum (aluminum sulfate), aluminum chlorohydrate 

(ACH), sodium aluminate, and polyaluminum chloride (PACl), whereas iron-based coagulants 

are mainly iron chloride and iron sulfate.23,24,25,26  
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Chemical coagulation involves destabilizing the charged colloidal particles and the clustering of 

the fine particles into larger structures (flocs) that can be precipitated out of the solution. The 

method of coagulation generally falls into two categories: charge neutralization and swept 

coagulation.17,27 In charge neutralization, the strong negative surface charges of the water’s 

impure particles cause repulsion to each other, but these negative charges can be neutralized 

by the addition of aluminum salts into the water. The neutralized impurity particles then start to 

form flocs and precipitate. The whole process is swift, taking about 0.01-1 sec, and works better 

in an acidic range because at a lower pH the contaminants have a lower negative charge.27  

In the other method, swept coagulation, the contaminant particles get adsorbed onto the surface 

of the aluminum ion, and then either get trapped inside the aluminum hydroxide floc or swept 

down by the sinking floc. When the aluminum hydroxide floc size and mass is large enough, it 

starts to precipitate.27 In water treatment, swept coagulation is the more commonly used process 

because of the difficulties in achieving the rapid mixing required in charge neutralization. The 

process of swept coagulation is shown in the figure 1-5.  

                            
                             Figure 1-5: Schematic diagram of the process of coagulation in water.28 
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The most critical parameters of a coagulant include pH, concentration, mixing speed, 

temperature, and retention time. The higher the valence of the counter ion, the more the impurity 

particles are destabilized, meaning a relatively smaller quantity is needed for coagulation. ACH 

is a pre-hydrolyzed coagulant that produces a wide range of hydrolysis species regardless of 

the process conditions during the treatment, and because they form multicharged polynuclear 

complexes with increased adsorption ability, they are very useful and becoming more popular 

compared to other coagulants.28 The following figures shows the effectiveness of ACH (figure 1-

7) and a relative comparison of the activity of ACH, alum, and polyaluminum chloride in water 

treatment (figure 1-6 and 1-8).29 
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 Figure 1-6: Comparison of different coagulants for water treatment. (ACH= aluminum chlorohydrate, alum= 
aluminum sulfate, PAC10= polyaluminum chloride).29 

                         
                    Figure 1-7: Effectiveness of aluminum chlorohydrate as a coagulant for water treatment.29  
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       Figure 1-8: Comparison between the efficiency of alum and aluminum chlorohydrate in water treatment.29 

 

ACH contains 23% Al2O3 and has a basicity >83%, whereas alum has 8.3% Al2O3 and no 

basicity. PACl has about 10% Al2O3 and 50% basicity. Because of its high basicity and 
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concentrated aluminum, effective water treatment usually requires two to three times the amount 

of PACl and alum as ACH. In fact, ACH coagulant has many advantages, including: 

• Requires lower amount to achieve water treatment goals (2 to 3 times lower than PAC 

and alum) 

• Functions at a wide range of pH  

• Less sensitive to water temperature 

• Reduces chemical sludge and residue production 

• Lowers turbidity in treated water 

• Forms larger and heavier flocs more quickly than other coagulants  

1.4 Scope of the study 

Despite extensive studies on the structure of aluminum chlorohydrate,7,10,12 neither the 

structure nor the geometrical parameters of ACH are well understood. This is due to the complex 

composition of ACH, which forms numerous different polymeric species upon hydrolysis. In 

addition, ACH hydrolysis forms about 200 different aluminum clusters.21 Even though there are 

numerous studies about the structure of the ACH, no systematic study has been done on the 

synthesis of the ACH.13 Therefore, to better understand the structure and activity of ACH and its 

many oligomer/polymers, a better understanding of the methods and parameters of ACH 

synthesis is necessary.  

The most widely used ACH preparation method is the redox reaction of metallic aluminum 

with hydrochloric acid at 80-100°C (Rxn 1),30 which forms [Al(H2O)6]
3+. Over time, as the acid is 

consumed and the pH begins to rise, the [Al(H2O)6]
3+ undergoes numerous hydrolysis reactions 

to form hydroxo and oxo-bridged polymers of aluminum(III), shown partially in reactions 2a and 
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2b.  ACH is ultimately a highly concentrated solution of Al(III) in which the soluble polymeric 

forms of the Al(III) are metastable and remain in the solution for long periods.    

       2 Al (s)  +   6H+ (aq)  + 12 H2O (l)    à   2 [Al(H2O)6]3+  +  3 H2 (g)     (Eqn. 1) 

      2 [Al(H2O)6]3+  à 2 [(H2O)5Al-OH-Al(H2O)5]5+  +  H3O+   (Eqn. 2a) 

      2 [Al(H2O)6]3+  à 2 [(H2O)5Al-O-Al(H2O)5]4+   +  2H3O+   (Eqn. 2b) 

Industrially, aluminum ingots (20 kg each) are the preferred aluminum source. Because these 

ingots have relatively low surface area, the ACH reaction usually takes 4-7 days (up to 10 days) 

and the addition of external heat. However, this is a long time to wait for the reaction to occur 

and can be improved upon.  

Therefore, the purpose of this study is to develop a faster and more efficient way to synthesize 

ACH, and considers the surface area of the metal, acid strength, and temperature of the system 

as the key factors. Even though this study is conducted in a laboratory, the data is scaled up to 

what would be industrial size for comparison purposes. Finally, the problems that can arise when 

synthesizing at an industrial scale, such as an increased turbidity of the solution, are discussed 

and accounted for, which increases the real-world applicability of the results.  

Scope of the study:  

• Explore a faster and more efficient way to prepare aluminum chlorohydrate 

     Key factors: 

i. Surface area of Al   

ii. HCl concentration 

iii. Temperature of the reaction 
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• Study the kinetics of the ACH synthesis reaction 

• Investigate the effect of metal impurities on aluminum chlorohydrate formation 

• Propose a possible mechanism for the formation of aluminum chlorohydrate formation 
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Chapter 2 

Synthesis of Aluminum Chlorohydrate (ACH) 

 

2.1 Introduction 

There are several methods in practice to prepare aluminum chlorohydrate. It can be prepared 

as a solution or a powder, and the composition of the final product (iron impurity levels, specific 

gravity, and pH) might vary, depending on the application. 

One of the primary methods to prepare ACH comprises the oxidation of metallic aluminum with 

either hydrochloric acid or aqueous aluminum chloride at moderate (~80-90 °C) or boiling 

conditions.30,31 The typical reaction is as follows: 

 

 

 

This is a redox reaction that can be written as follows:  

This reaction readily produces a large amount of hydrogen gas. Aluminum ingots or powder are 

generally used as the source of aluminum. Aluminum ingots are slow to react and generally take 

up to 7-10 days to produce ACH. Aluminum powder has a somewhat faster reaction rate (1-4 

3HCl + 6Al + 15H2O                                        3 Al2(OH)5Cl. 2H2O + 9H2 

 

AlCl3 + 5Al + 15H2O                                         Al2(OH)5Cl. 2H2O + 15H2 

 

Oxidation half reaction: Al                                   Al3+ + 3e- 

 

Reduction half reaction: 2H+ + 2e-                      H2 

 

Overall reaction:   2 Al(s)   +   6 H+(aq)   à   2 Al3+ (aq)   +   3 H2 (g) 
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days); however, because it has the potential to explode when exposed to air, static, or sparks, 

the proper handling of aluminum powder is extremely critical.  

Another way to prepare ACH is reacting aluminum alkoxide Al(OR)3 with hydrochloric acid in an 

aqueous phase (US. Patent no. 3, 887, 691).32 The product of this reaction readily separates 

into two phases, one of which includes alcohol co-products. The reaction occurs at room 

temperature at a considerable rate, possibly faster at higher temperatures. However, the alcohol 

co-products produced in this method tend to become trapped in the product and may change 

the properties of the ACH solution (US. Patent no. 4, 267, 161).33 Therefore, this method requires 

complete removal of all the alcohol co-products before the ACH can be recovered. Alternatively, 

they proposed a method to prepare ACH that reacts aluminum alkoxide with methanol to produce 

aluminum methoxide; the aluminum methoxide solution is washed to remove all of the higher 

alcohols and then reacted with hydrochloric acid at moderate to high temperatures (130-450 °F).  

 

ACH can also be prepared by reacting aluminum chloride or hydrochloric acid with aluminum 

hydroxide.31 

 

 

 

All of these previous methods of producing ACH result in copious amounts of hydrogen gas, 

which is an explosion hazard. Therefore, in effort to avoid this unwanted production of H2 gas, 

an alternative approach to prepare ACH is the electrolysis approach, which results in minimal 

2Al(OR)3 + HCl +7H2O                                         Al2(OH)5Cl. 2H2O + 6ROH 

2Al(OH)3 + HCl + H2O                                                         Al2(OH)5Cl. 2H2O 

 

5Al(OH)3 + AlCl3 +6H2O                                                     3Al2(OH)5Cl. 2H2O 
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levels of H2 gas production. The electrolysis of aluminum chloride to produce ACH method is 

described in U.S. patent 2, 392, 531.34 This approach uses a diaphragm cell containing an 

aqueous solution of aluminum chloride, and the cathode and anode are separated into different 

compartments. However, in this method, the yield of ACH is not satisfactory for two reasons. 

The first reason is the ACH might become contaminated. The other reason is that most of the 

produced chlorine gas leaves the system. In fact, the recovery of chlorine is a difficult process, 

thus a method to keep it in the system was developed (US. Patent no.3, 113, 911).35 

J.L. Jones35 found that the loss of chlorine could be avoided by introducing an adjacent cathode 

compartment where the produced chloride ion reacts with the aluminum oxide to form aluminum 

chloride before it reaches to the anode compartment. Thus, the aluminum chloride can be 

recirculated to the cathode compartment to produce ACH. The reaction includes:  

This electrolysis process, however, generates a wide range of aluminum hydroxy complexes 

and its use in industry is very limited.  

Because all of the methods discussed in this section come with some drawbacks, this study 

focuses on the improvement of the redox method of preparing ACH, which is the most widely 

used method in industry today. In this study, all the experiments follow the procedure of using 

metallic aluminum and hydrochloric acid to prepare the ACH at moderate to higher temperature. 

However, some key parameters are changed, namely surface area and temperature. Although 

I. 5H2O                                                 2.5 H2 + 5OH- 
 

II. 2AlCl3 + 5OH-                                       Al2(OH)5Cl + 5Cl- 
 

III. 2Al2O3 + 6HCl                                    2AlCl3 + 3H2O 
 

IV. 2H2O                                                      O2 + 4H+ 
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ingots are mostly used in industry for this reaction, this study focused on the advantages of using 

small aluminum pellets (3-6 mm in diameter) in terms of increased surface area over ingot and 

decreased reactivity relative to Al powder.  Moreover, some industrial procedures emphasized 

the risk of thermal runaway and avoided allowing the reaction to reach a boil.  Reaction 

temperatures were stringently monitored to keep the reaction between 80-90 °C. We show here 

that this risk is not real and running the reaction under boiling conditions has no risk of thermal 

runaway, nor does it cause any decrease in product quality as long as the solution water level 

is maintained during the reaction.   

2.2 Composition of Aluminum Chlorohydrate (ACH) 

The reaction of aluminum with hydrochloric acid forms ACH and hydrogen gas.  This reaction is 

exothermic, and the rate of the reaction is known to depend on the following factors: aluminum 

surface area, hydrochloric acid concentration, and temperature. In addition, although aluminum 

and hydrochloric acid react to form ACH, it takes some time to produce what is known as 

industrially accepted ACH or specification grade ACH. For this reason, as the reaction is 

occurring, the solution must be continually checked against the industrially accepted 

specifications of ACH to ensure its quality. This is done by examining the specific gravity and pH 

measurements of the solution. If SG and pH specifications are met and the turbidity is 

acceptable, generally all of the remaining specifications are also met. 
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The final product specification of ACH in this study follows the industrially accepted 

specifications listed below:3  

 

 

 

 

 

 

 

The ultimate objective of this study is to determine a general procedure for using aluminum 

pellets to prepare solutions of ACH in the range of 20 -25% by mass ACH and turbidity of <50 

NTU, and to determine the quality of this product (pH, turbidity, specific gravity) with respect to 

the quality of ACH generated by using aluminum ingot.  Moreover, the general kinetics of the 

reaction are desired, so as to gage the relative efficiency of the ingot vs pellet processes.  One 

initial concern in this study was that the ACH turbidity may be compromised by the faster rate of 

reaction and temperatures found pellets compared to ingot. To this end, this study analyzes the 

amount of ACH and hydrogen gas produced as a function of time, how surface area and acid 

concentration affect the rate of the dissolution reaction, and how the amount of heat generated 

per unit time impacts turbidity.  

2.3 Industrial Procedure of ACH Synthesis  

 Alumina, % Al2O3  23.0-24.0 

Chlorides, % Cl  7.9-8.3 

Basicity, %   >83 

Specific Gravity (at 60oF) 1.33-1.35 

Turbidity                 <50 NTU 

Al, %    12.0-12.7 

pH    3.4-4.0 
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One industrial process for preparing ACH from aluminum ingots and hydrochloric acid was 

described to us by an unspecified producer in general terms below.   

Large aluminum ingots (~16,000 lbs.) are loaded into a large tank and covered with water, and 

HCl acid is added (with an estimated final strength of 5% HCl by mass) to start the dissolution 

process. Next, the solution is heated to just below boiling (~95 °C), and steam is used to dilute 

the evolved hydrogen gas to safe levels.  The process takes a total of 5 days during which both 

additional water and acid are added to keep the reaction going and to keep the ingots cover with 

solution.  The reaction is monitored by measuring [Al3+], pH, and SG of aliquots drawn at various 

time points in the reaction.  When the reaction is done, the solution is allowed one day to cool 

and then drained.  This cooling day is included in the 5-day total reaction time. In this process, 

62% of the aluminum ingot mass is dissolved during the reaction period, and the process yields 

6,000 gallons of industrial specification quality ACH. 

2.4 Experimental  

2.4.1 Materials 

Two different types of aluminum used in this study: type I Al ingot and type II Al pellet. Metallic 

Al has various levels of impurity mixed with it depending on the extraction methods. These 

impurities include different kinds of metal mixed with Al. The detailed composition of the Al is 

given in table 2-1.  
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Table 2-1(a): Composition of the Al pellet and ingot used in the study. 

 

 

 

 

Table 2-1(b): The total composition of the metallic impurity mixed with the Al metal.  

 

 

 

 

 

 

 

 

 

                                                

Types of Al Surface area (cm2/g) 
Al 

% 

I Ingot 0.3 99.824 

II Pellet (3.2-9.5 
mm) 3.9-5.8 99.824 

Types of Al 
Fe 

(ppm) 

Si 

(ppm) 

Mg 

(ppm) 

Ni 

(ppm) 

Zn 

(ppm) 

Pellet/Ingot 850 500 10 40 10 

12’’ 

3’’ 

a 

b 
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                              Figure 2-1: a) Aluminum ingot and b) pellet used to synthesize ACH.  

Al pellets and ingots used in this study provided by C-KOE (C-KOE metals, L.P.). The specific 

gravity was measured using portable density meter (Anton Paar DMA 35). pH of the ACH 

solution was measured using a Symphony benchtop meter (B10P, VWR)). The [Al3+] 

concentration in ACH solution determined using inductively coupled plasma-optical emission 

spectrometry (ICPE- 9000, Shimadzu) and the chloride ion concentration measured using a 

chloride selective electrode. Turbidity of the ACH solution determined using a portable turbidity 

meter (Hanna Instruments 93703).  

2.4.2 Optimization of ACH Synthesis  

A parametric study in which the form of the Al (pellet or ingot) and therefore surface area 

of the aluminum per unit mass was examined with respect to the time required to complete the 

process and the quality of the product.  During this parametric study, we also examined other 

important factors, including reaction temperature, active heating, acid strength, aluminum 

loading (used a large molar excess of Al).  The most common measurement of reaction progress 

was the specific gravity (SG) and pH or reaction aliquots at room temperature. For all of the 

experiments in this study, reaction time is defined as the time for the reaction solution to reach 

1.33 specific gravity and pH in the range of 3.5-4.0.  



 

 23 

While numerous reactions were run with different parameters, the procedure below 

describe the typical procedure followed.  Descriptions of deviations from this are given in follow-

up experimental procedures or in the results and discussion section. 

2.4.2.1 Synthesis of ACH 

Experiment 2.1 

a. A 500 mL round bottomed flask was charged with 78.4 g Al pellet (type II pellet, 5.8 cm2/g 

surface area) and 167 mL water. To this mixture was added 158 mL (2/3 of the total 237 mL) 

of 20% HCl (6.8 M) upon which H2 gas was observed to bubble from the solution. As the 

reaction is exothermic and extremely vigorous, the HCl added periodically instead of 

altogether once. Over time, the rate of H2 evolution increased as the reaction warmed up 

and became more vigorous. The temperature was observed to rise slowly and then quickly, 

reaching a maximum of 96 oC, which then levelled off and began to cool. Once this 

exothermic phase had past, another 79 mL of 20% HCl was added and the reaction flask 

was transferred into preheated oil bath (100 oC) and fitted with a reflux condenser. Once the 

specific gravity of the reaction solution reached 1.33, the flask removed from the oil bath and 

cool down to the room temperature. 

b. An experiment identical to run 2.1 (a) was done except that the boiling solution, once it began 

to cool was moved to a sand bath at 90 °C.  Once this reached a steady temperature of 87 

°C, it was monitored periodically until the SG reached 1.33.  Time to end of reaction 72 

hours.  The pH of the final product was 3.5, specific gravity 1.34 and the turbidity 22 NTU.  
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Experiment 2.2 

 The goal of this experiment is to examine the effect of the different sizes of the aluminum pellets 

(i.e. surface area of the aluminum) on the reaction rate of ACH formation in a small-scale 

reaction (220.0 g pellets). The amount of Al pellet loadings in the reaction might affect the 

reaction rate, and an excess over the stoichiometric amount of Al loadings may keep the 

reaction rate much steadier. In this experiment, compared to the HCl acid volume, Al loadings 

are at 150% excess over the stoichiometric amount. However, temperature and acid 

concentration are kept the same as discussed in the previous section (experiment 2.1 a).  

Along with the type II Al pellet (3.95 cm2/g surface area, 99.824% Al), two other sizes of Al (4.4 

cm2/g and 5.8 cm2/g surface area, 99.824% Al) pellet are used in this study.  

Experiment 2.3 

The effect of the surface area of the metallic aluminum is examined in large-scale reactions 

(2268 g pellets/ingot) where 150% excess aluminum is used, and the reaction is kept at boiling 

conditions. Three different sizes of type II Al pellets (3.2 mm, 6.4 mm, and 9.5 mm) and type I 

Al (ingot) is used to prepare ACH. All three Al pellets and the ingot have 99.824% pure Al mixed 

with other trace metallic impurities (table 2-1).  

In order to perform the large-scale reactions, a polypropylene tank is used instead of a round 

bottomed flask. The reactor is a polypropylene tank with insulation to prevent any heat loss. A 

heater is attached to the tank, so that when the exothermic reaction phase is passed, the desired 

temperature can be maintained. A thermocouple is attached to the reactor to automatically 

monitor and record the temperature every 5 s. The top of the reactor is connected to a reservoir 

through a pipe; this reservoir collects evaporated acid to prevent any damage to the fume hood 
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due to acid corrosion. The reservoir is then connected to an exhaust to release the generated 

hydrogen. The reactor has a tap at the bottom so samples can be collected at regular intervals. 

The reactions conditions maintained in this experiment are: 150% excess Al (pellets/ingot), 20% 

HCl and 100 °C boiling temperature.  

Experiment 2.4 

Turbidity is one of the important parameters of the ACH specifications and it requires to 

preferably less than 50 Nephelometric Turbidity Unit (NTU). To optimize the reactor settings to 

keep the turbidity low, two different reactors is designed and fabricated (experiment 2.4.1-2.4.3) 

and tested with an 8” deep bed of 3.2 mm diameter pellets (5.76 cm2/g surface area). ACH 

solution is circulated through the reactors during the synthesis in two different manners: active 

and passive circulation. All tests were performed at boiling conditions and lasted approximately 

24-28 hours. 

Experiment 2.4.1. No Circulation 

A reactor was fabricated from a 6’ long Lexan tube. The reactor had a port near the top for 

adding acid and a port just above the pellet bed for taking liquid samples. The bottom was sealed 

with a large Viton stopper. The top of the reactor was connected to a large tube that carried the 

hydrogen gas to a nearby ventilation hood. Three thermocouples were attached to the outside 

wall of the reactor for monitoring the temperature along the length of the reactor. A ribbon heater 

and a controller using thermocouple feedback was added to keep the bed at boiling temperature. 

Approximately 385 g of 3.2 mm pellets, 970 mL of water, and 278 mL of 20% HCl were used for 

each run.  
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Experiment 2.4.2. Active Circulation 

This is an active approach towards providing bed hydration (figure 2-2). A diaphragm pump was 

used to draw boiling liquid from above the bed and inject it into the bottom of the bed. A liquid 

volume turnover time of 10 minutes was used to determine the pump flow rate. The same recipe, 

pellet size, and bed depth described in the previous section were used for these experiments.  

An additional heater and controller were used to make sure the fluid on top of the bed, the pump 

intake, was boiling. All the tests with circulation there was no evidence of ACH crystallization or 

gelling.  

Experiment 2.4.3. Passive Circulation 

The passive circulation approach involves modifying the reactor by adding a stovepipe in the 

center (figure 2-3). This is a passive, gravity driven approach to bed hydration. A 12-inch stand 

pipe was placed at the center of the bed. Approximately 30 holes were drilled on the bottom 

quarter of the pipe to allow liquid to reach the bottom of the bed. The hydrogen rising from the 

bottom of the bed creates a void that draws the liquid in from the bottom of the pipe. 

All the experiments including the reaction parameters and results are summarized in table 2-2.  
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                                   Figure 2-2: Schematic diagram for instrumental set-up for active circulation. 
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                           Figure 2-3: Schematic diagram for instrumental set-up for passive circulation. 
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Table 2-2: Summarized experimental conditions including the reaction parameters and results from section 2.1-2.4. 

Experiment 
No. 

Types 
of Al 

Surface 
area 

(cm2/g) 

Reaction Conditions 

Al dissolved 
(%) 

Time 

(h) 

Turbidity 

(NTU) 

HCl 
(20%) 

(mL) 

Al 

(g) 

Tempe- 

rature 

( ℃) 

2.1 
Pellet 3.95 167 78 85 76 72 13 

Pellet 3.95 167 78 100 90 72 22 

2.2 

Pellet 3.95 500 200 (150% excess) 100 75 46 17 

Pellet 4.4 500 200 (150% excess) 100 66 24 15 

Pellet 5.8 500 200 (150% excess) 100 56 22 26 

2.3 

Ingot 0.3 6900 2268 (150% excess) 100 90 160 10 

Pellet 3.95 6900 2268 (150% excess) 100 73 32 23 

Pellet 4.4 6900 2268 (150% excess) 100 61 30 25 

Pellet 5.8 6900 2268 (150% excess) 100 64 24 7.9 

2.4 

Pellet 5.8 278 385 (150% excess) 100 65 24 125 

Pellet 5.8 278 385 (150% excess) 100 62 24 34 

Pellet 5.8 278 385 (150% excess) 100 64 24 10 

 

2.5 Results and Discussion 

2.5.1 Preliminary Studies of the Reaction ‘take-off” and Temperature as a Function of Acid 

Strength 

The reaction of HCl with aluminum produces an appreciable amount of heat, and the 

reaction speeds up as the temperature of the bath increases. The reaction will accelerate in a 

non-linear fashion until the solution boils, at which point no further temperature increase is 

possible as long as the aluminum solid remains covered with solution. We wanted to get a feel 

for how quickly the reaction takes-off when Al pellet and HCl acid of different strengths are mixed 

at room temperature.  These conditions mimic the initial bath conditions of the industrial process 
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but at a much smaller scale.  In a typical reaction, 100 mL of HCl is mixed with 19 g Al pellet 

(type II, 9.5 mm pellet) and the temperature monitored by a thermocouple.  Three acid 

concentrations are analyzed: 8% HCl by mass (2.4 M), 10% HCl by mass (3 M), and 12% HCl 

by mass (3.6 M). All of the reactions follow the same procedure: A 250 mL glass beaker is 

charged with 100 mL HCl solution at room temperature and a thermocouple is inserted. After 10 

minutes, 19 g Al pellets (9.5 mm pellet) are added, starting the reaction. Figure 2.2 shows how 

the temperature of each of the three different solutions changes with time. The important data 

from these reactions is reported in Table 2-3.   

As seen in Figure 2-4, all three reactions are slow to increase in temperature until a certain 

lag period has been reached, and then the temperature rapidly increases to a maximum, and 

thereafter cools.  The lag period is between 12-17 min and the maximum temperature achieved 

depends on the acid concentration.  The lowest concentration (2.4 M) reached 80 °C, the 3.0 M 

HCl reached 90 °C, and the most concentrated 3.6 M HCl reached 100 °C.   

It can be concluded that the maximum temperature reached in this set of experiments depends 

on the acid strength; however, the lag period is independent of the acid concentration. This 

exothermic reaction produces a lot of heat at the beginning, but the reaction quickly begins to 

cool after reaching a max temperature. 

In this experiment, no effort was made to retain the heat produced; however, the hydrogen gas 

created does carry away much of the reaction heat. The rapid cooling of the reaction after 

reaching peak temperature shows that the reaction may not always generate enough heat to 

keep the solution at its maximum temperature (boiling), so it may require insulation to prevent 

excess heat loss. Lastly, the heat capacity of the reaction is highly dependent on the overall 
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reaction mass, and thus larger scale reactions are likely to hold heat (temperature) better than 

small scale ones. As these factors, along with the size of the pellet and the solid/liquid ratio, 

affect heat transfer, care must be taken when extrapolating data from smaller reactions to much 

larger ones. 

                         

Figure 2-4: Monitoring the reaction temperature as a function of HCl concentration with time. The white line 
represents the temperature profile of the 8% HCl, the orange line represents the 10% HCl, and the blue line 
represents the 12% HCl. Each line shows the maximum temperature achieved through exothermic reaction of Al 
and HCl.  
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Table 2-3: Monitoring the reaction temperature as a function of HCl concentration during ACH synthesis. 

 

 

 

 

 

 

If the ACH reaction is simply run at room temperature, it is unlikely to generate enough heat to 

run to completion (industry standard is SG =1.33) at any reasonable time period.  As shown in 

Figure 2.5, the temperature profile for a mixture of reaction of 71 mL HCl (20%, 6.8 M) and 23.6 

g of Al in a 250 mL round bottom flask shows a quick rise to 103 oC. After reaching this 

temperature, an additional 50 mL water is added to dilute the acid to the desired final 

concentration. After the water is added, the temperature briefly holds at 95 °C but is followed by 

a fairly rapid temperature decline to 35 °C over 50 min. The SG after 24 h reaction time is only 

~1.03, so it is apparent that higher temperatures (80 °C or higher) must be maintained for the 

reaction to proceed at a reasonable rate.   

Al metal (g) 
Concentration of 

HCl (M) 

Concentration of 

HCl (%) 

Time to peak 

temp. (min.) 
Tmax (oC) 

19.26 2.4 8 11 80 

19.23 3.0 10 10 90 

19.33 3.6 12 11 100 
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Figure 2-5: The temperature profile for the exothermic reaction of Al pellet with HCl showing the initial temperature 
peaks followed by the sudden drop to room temperature, without external heating or insulation of the reactor. 

2.5.2 Effect of Temperature 

The data from experiment 2.1 summarized in the table 2-4. For a small-scale reaction, there are 

no significant effects on the reaction rate when keeping the reaction at boiling condition (table 

2-4). The produced H2 gas during the reaction keeps the solution in stirring. The reaction 

progresses very slowly once the solution becomes denser (specific gravity ranges around 1.25-

1.26). Total reaction time is about 72 hours, and the reaction rate is considerably slow for both 

reactions. However, the percentage of Al dissolved is much higher in the boiling condition (90% 

dissolved) compared to the non-boiling conditions (76% dissolved).  
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Table 2-4: Total reaction time to prepare ACH using varying condition in a small-scale reaction. 

Exp. No. Types of Al 
Al dissolved 

(%) 
Time (h) Reaction condition 

01 Pellet (9.5 mm) 90 72 
Boiling temperature (100 

°C) 

02 Pellet (9.5 mm) 76 72 
Non-boiling 

temperature (85-87 °C) 

 

2.5.3 Effect of Surface Area on ACH Reaction Rate 

With 150% excess Al, the reaction completed (specific gravity of the solution reached the desired 

1.33) in about 46 hours compared to the 72 hours needed for the stoichiometric amount of Al 

loadings (table 2.5). The larger the surface area (smaller the size) of the Al pellet, the faster the 

reaction rate of ACH synthesis. The largest surface area Al pellet used in this study (5.76 cm2/g, 

3.2 mm type II pellet) took about half the time (22 h) to complete the reaction compared to the 

smallest surface area (3.95 cm2/g, 9.5 mm type II) Al pellet, and 1/7th the time to complete 

compared to the Al ingot (160 h, surface area 0.3 cm2/g, type I Al).  

The amount of Al dissolved (%) and the total reaction time (time required to achieve the specific 

gravity 1.33) are summarized for these reactions in the table 2-5. 
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Table 2-5: Comparison of the three different size Al pellets as a function of total reaction time to prepare ACH.  

Types of Al 
Surface area 

(cm2/g) 

Al dissolved 

(%) 

Time 

(h) 

Pellet (9.5 mm) 3.95 75 46 

Pellet (6.4 mm) 4.36 66 24 

Pellet (3.2 mm) 5.76 56 22 

 

The specific gravity alone is not a measure of the reaction completeness as evidenced by the 

fact that unacceptable Al percentage and chloride ion percentage can be found even with 

specific gravity readings within the desired range. Although specific gravity is an accurate 

measure of the reaction completeness, the 150% excess Al is needed to ensure a high (23-24%) 

Al and low (7-8%) Cl- content that meets ACH specifications because Al and Cl- percentage are 

very sensitive to Al loading. 

However, the procedures followed in these experiments are for small scale reactions and are 

not directly applicable to industrial processes. The current industrial ingot process (C-KOE, a 

commercial company for ACH production), yields 6000 gal of ACH after a 5-day procedure 

starting with 16,000 lb. Aluminum ingots, and only 62% of the Al is converted to ACH. As 

because the goal of this study is improving the current ingot process by replacing the ingot with 

aluminum pellet, first it must be determined if the data collected from the experiments 2.2 can 

approximate industrial data. As this work was not done on industrial scale, the product yield was 

converted to what would be expected if the reaction were done in the same reactor using 

essentially the same amounts of aluminum, water, and acid.  First, 6000 gal ACH is set as 100% 
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yield, which is what is currently obtained using the industrial ingot process.  Therefore, the 

number of gallons of ACH produced and how this compares to the number of gallons produced 

by the current ingot process can be calculated. Also, the productivity of the reaction can be 

calculated by dividing the quantity of product by the time it took to produce it; this is reported in 

gallons ACH produced per hour of reaction time.    

Table 2-6: Productivity (gallon/h) comparison of the produced ACH using different sizes of Al pellet and Al ingot.  

 

Types of Al 
Surface area 

(cm2/g) 

Al dissolved 

(%) 

Time 

(h) 

ACH 

yielda 

(gallon) 

Productivityb 

(gal/h) 

Ingot 0.27 62 120 6000 50 

Pellet (9.5 mm) 3.95 75 46 7258 158 

Pellet (6.4 mm) 4.36 66 24 6800 283 

a) Estimate of the amount of ACH that would have been produced in a single batch, scaled to compare with the 
current ingot process data. b) Productivity is the yield in gallons divided by the reaction time. 

 

As reported in table 2-6, one benefit of using aluminum pellets with more surface area than 

ingots are a 2- to 5.7-fold increase in productivity.  As with all of the experiments in this study, 

the time of the reaction is the time for the solution to reach a specific gravity (SG) of 1.33.   

The effect of surface area on ACH reaction rate is further investigated with larger scale reaction 

(experiment 2.3). The large-scale studies show that ACH production using large aluminum ingots 

typically take anywhere from 3-6 days, whereas ACH can be produced from pellets in as little as 

24 hours, depending on the pellet size and process conditions.  
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The relative rate of the reaction is 6.5 times faster for the highest surface area used in this study 

compared to the Al ingot.  

One of the specifications of Industrial grade ACH is turbidity, which required to be lower than 50 

NTU. Even though ACH synthesized in small scale reactions always met the turbidity 

requirement in this study, ACH from large scale reactions suffer from higher turbidity (>50 NTU).  

The data from experiment 2.3 summarized in the following table 2-7.  

Table 2-7: Total reaction time and productivity for Al pellet with varying surface area in a large-scale (3 gallon) ACH 
synthesis reaction. 

Types of Al 

Surface 

area 

(cm2/g) 

Al dissolved 

(%) 

Time 

(h) 

Productivitya 

(mol/L.h) 
Relative rateb 

Ingot 0.27 90 160 0.036 1 

Pellet (9.5 mm) 3.95 73 32 0.16 4.5 

Pellet (6.4 mm) 4.36 61 30 0.19 5.3 

Pellet (3.2 mm) 5.76 64 24 0.24 6.5 

a) Productivity data is calculated by plotting the [Al3+] as determined by ICP-OES versus time and fitting a line to 
the data.  The rate is the slope of this line and is reported in molL-1h-1 of [Al3+] (figure 2-6). b) Relative rate is the 
rate of a given reaction relative to that of the ingot reaction and is obtained by dividing the rate of any given run by 
the rate of 0.036. 
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 Figure 2-6: Productivity (mol/L.h) of ACH synthesis for varying sizes of Al pellet in a large-scale reaction (3 gallon).  

2.5.4 Factors Affecting Turbidity of ACH Solution 

The turbidity of the ACH is an important factor and industrial specifications require it to be less 

than 50 NTU. In large scale studies, problems with ACH turbidity became apparent and were 

traced to issues arising from the thick pellet bed not allowing good circulation of the acid solution 

during the reaction.  

Under conditions in which the reaction bed is simply left in contact with the acid solution, the 

reaction with acid progresses until the solution reaches boiling and significant amounts of 

hydrogen gas and steam are released from within the pellet bed. As only 25% of the total bed 

volume is accessible to the acid solution (the void volume), the large volume of gas displaces a 

significant portion of the acid solution. While the weight of the acid solution constantly pushes 

the solution down into the bed, the positive gas pressure is enough to leave insufficiently 

hydrated pockets within the bed, which probably results in ACH and higher aluminum oxides 

crystallizing out onto the bed pellets. These crystals effectively clog the bottom of the bed. This 
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is apparent as a white solid found on the aluminum pellet bones post reaction and in some cases 

causes large clumps of pellet bones to stick together. During the ACH reaction, some of this 

solid is dislodged by the bed agitation and bubbles and becomes suspended in the ACH product.  

                                  

                                 Figure 2-7: a. ACH with turbidity>50 and b. ACH with turbidity<50. 

These fine suspended aluminum oxide particles do not all readily dissolve to reform ACH, and 

the result is a high turbidity in the ACH product. A series of lab scale reactions were performed 

to see if circulating the acid solution from the top to the bottom of the pellet bed would alleviate 

this problem.   

                The experiment with external heating to insure the fluid in the bed would be boiling. 

This resulted in an ACH product with high turbidity that was out of specifications even after 24 

hours (experiment 2.4.1). Solid (crystalized) ACH was observed in the bottom of the bed making 

the bones very difficult to remove.   

The combination of deep pellet beds (8-inches and more) and boiling result in an ACH product 

that meets SG specifications but fails turbidity specifications. This situation leads to solid ACH 

in the bed, which may be responsible for the increased turbidity.   
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To avoid dehydrating and crystalizing of ACH, an approach of circulating liquid to the bottom of 

the reactor bed has considered. The results in Table 2-8 show that circulating the fluid to the 

bottom of the bed eliminates the high turbidity that results from using a deep bed of pellets (both 

active and passive circulation).  

Table 2-8:  ACH synthesis data for the experiments in terms of circulation of fluids through the reactor. 

 

Types Temperature (°C) Specific gravity Turbidity (NTU) 

No circulation 102 1.34 125 

Active circulation 100 1.33 34 

Passive circulation 100 1.33 10 

 

2.5.5 Kinetic study 

In this study, ACH is synthesized by reacting metallic aluminum and hydrochloric acid at boiling 

temperature (100 °C). The optimum parameters for ACH synthesis was determined in 

experiments 2.1 – 2.4: 150% excess metallic Al, boiling temperature (100 °C) and 20% HCl. 

Specific gravity of the solution is monitored throughout the reaction and once it reaches 1.33, 

the reaction is stopped by cooling down the solution. Using these optimized reaction conditions, 

the ACH reaction rate increased significantly with the increased surface area of the metallic Al.  

Using the data from experiments 2.3, a kinetic relation of the surface area of the Al and the 

reaction rate of the ACH synthesis can be established. To determine the concentration of Al3+ in 

the ACH solution, aliquots were collected at regular intervals during the experiments and 

analyzed using the ICP-OES. The concentration of Al3+ is plotted against time to calculate the 

rate of the reaction (Figure 2-8). The reaction is assumed to be isothermal. The slope of the 
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graph gives the rate of the reaction. In addition, figure 2-6 shows the rate of dissolution of Al in 

the solution. The data shows that the aluminum pellets react faster than the aluminum ingot. The 

smallest pellets used in this study (3.2 mm) react 6.5 times faster than the aluminum ingot, 

whereas the moderate size pellets (6.4 mm) react 5.3 times faster than the ingot.  

                   
                      Figure 2-8: Concentration of Al in solution vs time for both aluminum pellets and ingot.  

The exothermic reaction of metallic Al and HCl is: 

                               2Al +  HCl + 7H2O                          Al2(OH)5Cl.2H2O + 3 H2 

The rate equation of ACH synthesis can be written as follows: 

                               Rate = k[H3O+]i[AlSA]      ; [AlSA]= Surface area of the Al 

                                                                         [H3O+]i = Initial acid concentration 

As the initial concentration of the acid is constant, the rate equation can be re-written as 

                              Rate = kobs[AlSA] ; kobs = k[H3O+]I ( kobs = observed rate constant) 
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The concentration of the dissolved aluminum increases with time and follows a zero-order 

reaction rate (figure 2.7). The observed rate can be expressed as: 

                                          Kobs= ([Al3+]/t)……………………….. (Eqn. 1) 

The rate constant can be determined from the slope of the graph (table 2-8). 

It is possible to establish a relationship between the surface of the Al and the rate constant of 

the reaction using this experimental value. A plot of the calculated rate constant as a function of 

surface area (figure 2-9) gives the following equation: 

K = 0.037X+ 0.03, which can be expressed as: 

            Rate of the reaction = 0.037(surface area) + C ……………… (Eqn. 2) 

Table 2-8: Experimental rate constant of ACH synthesis for different sizes of Al pellets and ingot. 

 

Sizes of Al 
Surface area 

(cm2/g) 
Equation 

Rate constant, 
Kobs 

([Al3+]/t) 

Ingot 0.3 Y= 0.036X+.17 0.036 

3.2 mm pellet 5.8 Y=0.24X+.25 0.24 

6.4 mm pellet 4.4 Y=0.19X+.04 0.19 

9.5 mm pellet 3.9 Y=0.17X-0.18 0.17 
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Figure 2-9: Reaction rate determination as a function of surface area for different sizes of Al pellets and ingot. 

 

Therefore, the rate of the reaction is directly related to the surface area of the metallic Al, and 

the reaction rate of the ACH synthesis can be derived using this equation if the other parameters 

are exactly the same as in this study (acid concentration, temperature).  

2.6 Conclusion 

Aluminum ingots or pellets are used to make ACH in a heterogeneous reaction with aqueous 

hydrochloric acid.  The reaction is exothermic, produces copious amounts of hydrogen gas, and 

ultimately generates product grade ACH when the specific gravity (SG) of the solution reaches 

1.33 to 1.35.  Other product specifications include 7.90 – 8.40% chloride by mass, 23-24% Al2O3 

by mass, and turbidity (<50 NTU). Two conditions, aside from meeting product specifications, 

were imposed. In experiment 2.1 (a), the reaction temperature was not allowed to exceed 87 °C. 

In experiment 2.1 (b), the reaction was allowed to boil. The results show that if the temperature 

is fixed at 87 °C or below, the rate of heat removal from the reactor determines the overall speed 

of the reaction. Reactor designs with high rates of heat dissipation or with the ability to withstand 

boiling conditions are needed to realize the full potential of aluminum pellets. Under boiling 
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conditions, heat dissipation is no longer the driver of the reaction rate, and a substantial (~ 6-

fold increase in rate) can be realized using pellets over ingots. Boiling was not observed to hurt 

the product quality or turbidity; however, it is important the Al pellets always be covered with 

liquid, or the turbidity can suffer.  In all reactions, whether using pellets or ingots, a black 

precipitate, which was determined to be a fine iron powder, formed and settled to the bottom of 

the reactor. The relative amount of the iron powder observed directly correlates with the iron 

content of the Al sample.  If this precipitate is not removed by settling or filtration, the turbidity of 

the product is considerably increased. There are substantial opportunities to reduce batch 

reaction time by using Al pellets in lieu of ingots and by allowing the reaction temperature to 

reach boiling to carry off the excess reaction heat.  In the experiments in which boiling was 

permitted to occur the maximum temperature reached was 105 °C (221°F).  As stated previously, 

boiling has no detrimental impact on product quality or turbidity. The rate of reaction is highly 

dependent upon the size of the pellets in terms of the surface area. The smaller the pellet, the 

higher the surface area and the faster the rate of reaction.  
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Chapter 3 

Investigation of the Effect of Metal Impurities on Aluminum Chlorohydrate (ACH) Synthesis 

3.1 Introduction 

Aluminum chlorohydrate (ACH) is an active ingredient of many antiperspirant and deodorants. 

It is also used in water treatment to remove dissolved organic matters and small impurities 

particles. The widely used industrial method of preparing ACH is redox reaction of metallic Al 

and hydrochloric acid.30 Following half-reactions occur during the synthesis: 

Al ingot or pellet used for synthesizing ACH contains trace metallic impurities mixed with Al. 

Among these impurities (Fe, Si, Co, Ni, Mg), Fe and Si are the major constituents (1-900 ppm). 

Depending on the purity of Al used for the ACH synthesis, the Fe content in ACH powder or 

solution also varies (75-200 ppm). Klug et al.36 reported that the low-iron ACH (~ 20 ppm) is 

more effective in antiperspirant activity than iron rich ACH. The typical ACH solution used for 

cosmetics contains about 75 ppm Fe, whereas for water treatment it is 100 ppm.  

High purity Al (99.999%) can be used to prepare ACH in order to get low iron product. However, 

it is found that ACH reaction rate is significantly lower (about 6 times) with high purity Al 

(99.999%) than less pure Al (99.824%). Apparently, the metal impurities (mostly Fe) mixed with 

Al, significantly affect the ACH reaction rate.   

Oxidation half reaction: Al                                  Al3+ + 3e- 

 

Reduction half reaction: 2H+ + 2e-                      H2 
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In the process of electrochemical or photochemical generation of H2, using a metallic co-catalyst 

as a redox mediator is very common and highly efficient.37-41 The various noble metal (Pt, Au, 

and Pd) and relatively cheaper and earth abundant metal (Fe, Co, Ni, Mo)  co-catalysts facilitate 

the charge separation and surface reaction, which consequently increases the catalytic 

activity.42-50 One of the better co-catalysts is Ni-based, which display excellent activity in terms 

of H2 generation.51-60 Ni and its compounds are well-known for their robust activities in a wide 

range of both homogeneous and heterogeneous reactions.61 Because of their ability to adopt 

multiple oxidation states and to form complexes, uses of Ni and their compounds as catalyst are 

well recognized.62-68 As because the ACH synthesis reaction proceed with production of 

significant amount of H2 gas, the transition metal present in Al can act as a co-catalyst and 

facilitate the reaction rate.  

To increase the efficiency of the ACH, it is critical to identify how and why the metallic impurities 

present in Al affecting the reaction rate. The effect of metallic impurities present in Al is 

comprehensively examined in this study. Moreover, different transition metals such as Fe, Mn, 

Cu, and Ni added to the ACH reaction and the reaction rate is monitored against the types of 

metals added.  

3.2 Experimental 

3.2.1 Materials 

Total 4 different types of Al pellets and grains used in this study. Type I and II Al pellet has same 

surface area (5.8 cm2/g) but differs in the purity. Type I is more pure (99.999%) than type II 

(99.824%) pellet. Similarly, type III and IV Al grains has same surface area (42 cm2/g) with 
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different purity. The detail composition of Al pellets and grains are given below in table 3-1 and 

3-2.  

Table 3-1: Various types of Al pellets and grains with their size, surface area, and composition. 

Types of Al 
Surface area 

(cm2/g) 

Al 

% 

I Pellet (3.2 mm) 5.8 99.999 

II Pellet (3.2 mm) 5.8 99.824 

II Grain 42 99.922 

IV Grain 42 99.804 
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Table 3-2: Amount of impurity content in Al pellets, and grains used in this study for ACH synthesis. 

Types of Al 
Fe 

(ppm) 

Si 

(ppm) 

Mg 

(ppm) 

Ni 

(ppm) 

Zn 

(ppm) 

I Pellet 1 7 1 0 0 

II Pellet 850 500 10 40 10 

III Grain 275 200 4 30 20 

IV Grain 999 504 10 60 0 

 

3.2.2 Sample Preparation 

The reaction parameters are kept at the optimum condition (150% excess Al, boiling temperature 

(100 °C), 20% HCl). About 220.0 g of aluminum pellet, or grain is added to 449.0 mL 20% HCl 

and 475.0 mL water in a round-bottom flask. To avoid the vigorousness of the reaction, 

hydrochloric acid is added in a stepwise manner over an hour period. Once the reaction steadies 

and the temperature decrease to 80 °C, external heating is started to keep the temperature at 

boiling (100 °C) throughout the reaction time. The reaction is terminated once the solution’s 

specific gravity reaches 1.33. Finally, the reaction is cooled down to room temperature.  

In order to examine the transition metal effect on ACH reaction rate, small amount (800-2400 

ppm) of metallic salt (Fe, Mn, Cu and Ni) added to the reaction at the beginning of the synthesis 

(table 3.3).  

To investigate the effect of the metal impurities present in the aluminum, 2 different Al pellets, 

and 2 different grains, each with a unique amount of impurity, are used for ACH synthesis (table 

3-1 & 3-2). They all contain different metal particles, mostly on a very small scale (1-900 ppm). 
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Fe and Si are the most dominant impurities in the aluminum used in experiment 12, though the 

main focus is on Fe impurity in this study.  

All the experiments carried on can be divided into three major parts: experiment 3.1, 3.2 and 3.3 

(table 3-3). Experiments 3.1 focuses on the different types of impure Al pellets and grains, 

experiments 3.2 focuses on the effect of externally added Fe on these pellets and grains, and 

finally, experiments 3.3 focuses on the effect of different transition metal on ACH synthesis. 

Table 3-3: Summarized experimental conditions for ACH synthesis conducted in this study. 

Experiment No. Types of Al Surface 
area (cm2/g) 

Al 

(%) 

Fe 

(ppm) 
Externally 

added metal 

3.1 

Pellet 5.8 99.999 1 - 

Pellet 5.8 99.824 850 - 

Grain 42 99.922 275 - 

Grain 42 99.804 999 - 

3.2 

Pellet 5.8 99.999 1 Fe 

Pellet 5.8 99.824 850 Fe 

Grain 42 99.922 275 Fe 

Grain 42 99.804 999 Fe 

3.3 

Pellet 5.8 99.824 850 Fe 

Pellet 5.8 99.824 850 Mn 

Pellet 5.8 99.824 850 Cu 

Pellet 5.8 99.824 850 Ni 

 

3.3 Results and Discussion 

3.3.1 Effect of Metallic Impurity on ACH Reaction Rate 
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The purest aluminum pellet (type 1) used for this experiment (99.999% pure) took about 138 

hours to complete the reaction, which is 6.5 times more than that of the type II aluminum pellet 

(99.824% pure), which took about 21 hours to complete, even though all of the other reaction 

parameters are the same, including the surface area (5.8 cm2/g).  

                                       
Figure 3-1: Total reaction time of ACH synthesis for different types of Al pellet (type I, 99.999% Al, 1 ppm Fe and 
type II, 99.824% Al, 850 ppm Fe). 

Because specific gravity is used to determine reaction completion (SG 1.33 = completion), 

specific gravity is plotted with time for both Al pellets (figure 3-2). For the pure type I Al pellet, 

the change in specific gravity is steadier than for the type II pellet. 
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Figure 3-2: Changes of specific gravity with time for ACH synthesis; Type I Al contains 99.999% pure Al and 1 ppm 
Fe, and type II Al contains 99.824% pure Al and 850 ppm Fe.                                

 

The type III and IV Al grains each have the same surface area but different purity levels. Type 

III, the less impure grain, took more time to reach reaction completion than the type IV grain 

(figure 3-3). Data from experiments 3.1 are summarized in table 3-4. The total reaction time for 

all four types of aluminum varies from 19 to 138 hours depending on the type of Al used in the 

experiment, even though all the other parameters of experiment remain the same. 

Table 3-4: Total reaction hours of ACH synthesis using different kinds of Al pellets and grains in terms of Fe impurity 
content.  

Types of Al 
Surface area 

(cm2/g) 

Iron content 

(ppm) 

Reaction time 

(h) 

I Pellet 5.8 1 138 

II Pellet 5.8 850 21 

III Grain 42 275 31 

IV Grain 42 999 19.5 
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The total reaction time (time required to reach the specific gravity of the solution to 1.33) either 

increased or decreased as a function of iron content in the aluminum pellet. The reaction rate 

increased significantly with the higher Fe impurity level.  

                               

               Figure 3-3: Total reaction time of ACH synthesis using Al grain with varying Fe impurity content.  

3.3.2 Effect of Externally Added Fe on ACH Reaction Rate 

To further investigate the impact of iron impurity on the ACH synthesis reaction, different 

amounts of iron salt were added to the initial reaction solution and the reaction time was 

monitored. The reaction times for all four types of aluminum (pellets and grain) with the externally 

added iron salt are summarized in the table 3-5.  
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Table 3-5: Total reaction time for ACH synthesis using different types of Al pellets and grains with externally added 
Fe.  

 

 

 

 

 

 

The ACH reaction rate increased with the addition of iron salt to the solution. The most significant 

improvement can be seen for the purest aluminum pellets (type I = 99.999% pure) used in this 

study; the reaction time decreased from 138 to 38 hours, which means the reaction happens 3.5 

times faster with the externally added iron salt.  

                                

Figure 3-4: Total reaction time of ACH synthesis for all four types of Al used with externally added Fe-salt. Type I 
Al pellet contains 1 ppm Fe, type II pellets contains 850 ppm Fe, type III Al grain contain 275 ppm Fe and type IV 
contains 999 ppm of Fe as impurity with the Al.     

 

Types of Al 

Surface 

area 

(cm2/g) 

Iron 

content 

(ppm) 

Externally 

added Fe 

(ppm) 

Reaction 

time 

(h) 

I Pellet 5.8 1 2400 38 

II Pellet 5.8 850 2400 13 

III Grain 42 275 2400 21 

IV Grain 42 999 2400 12 
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3.3.3 Optimizing the Fe-loadings in ACH Synthesis 

To optimize the amount of iron impurity added externally to the solution, in experiment 3.2 

different amounts of iron salt are added to the type II aluminum pellet (3.2 mm size). The results 

are summarized in the following table (table 3-6). 

Table 3-6: Total reaction time of ACH synthesis using various loadings of Fe into Al pellet.  

Surface area 

(cm2/g) 

Fe content 

(ppm) 

Externally added Fe 

(ppm) 

Reaction Time 

(h) 

5.8 850 

0 21 

800 15.5 

1600 13 

2400 13 

 

The specific gravity changes for both the reactions follows a similar trend, with the only exception 

of a relatively higher rate for the externally added iron solution (figure 3-5). Another noticeable 

factor in this experiment is that the reaction rate does not change after reaching the saturated 

level of iron salt addition. The reaction times for both the 1600 ppm and 2400 ppm (externally 

added) iron are the same, which means that the addition of external impurity increases the 

reaction rate; however, at the saturation point, adding more impurity does not affect the reaction 

rate in any way, meaning there is no point in adding further impurity (figure 3-6).  
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3.3.4 Effect of Transition Metals on ACH Reaction Rate                                   

Along with Fe, Cu, Co, and Ni are investigated in the synthesis of ACH as co-catalysts. Type II 

Al pellets (99.824% Al, surface area 5.8 cm2/g) are used in experiment 3.3. This pellet has 850 

ppm of Fe impurity along with other trace amounts of metals. FeSO4
.7H2O, Co(NO3)2

.6H2O, 

CuSO4
.5H2O and NiSO4

.6H2O are externally added to the reaction solution at ppm level, and 

their effect on the rate of the ACH reaction is observed. The total reaction time (time required to 

obtain the specific gravity 1.33) varies for the four transition metals (figure 3-7). Ni showed the 

most pronounced effect on the rate of the ACH reaction; it increases the reaction rate by 5.5 

times (table 3-7). Co and Fe affect the reaction rate in a similar way, but less so than for Ni. 

Finally, Cu has the least effect on the reaction rate; in fact, this effect is negligible.  

 

 

 

 

 

 

Figure 3-5: Changes of specific gravity as a function of 
time with and without externally Fe loadings in the ACH 
synthesis (type II Al pellet, 99.824% Al). 

 

 Figure 3-6: Total reaction time for various Fe 
loadings in 3.2 mm sized Al pellet (type II, 
99.824% Al).   
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Table 3-7: Total reaction time for ACH synthesis using various transition metals with 3.2 mm Al pellet. 

  

Surface 

area 

(cm2/g) 

Fe 

content 

(ppm) 

Externally added 

salt 

Externally 

added salt 

amount 

(ppm) 

Reaction 

time 

(h) 

 

 

5.8 

 

 

 

 

850 

 

 

- 0 21 

Fe 2400 13 

Co 2400 14 

Cu 2400 19 

Ni 2400 4 

 

                                      
Figure 3-7: Total reaction time of ACH synthesis using various transition metals added to the 3.2 mm sized Al 
pellets.  

3.3.5 Optimizing Ni-loadings in ACH Synthesis 

Among the transition metals studied, Ni is the most efficient in increasing the reaction rate of 

ACH formation. Because of this, the effects of different amounts of Ni on the reaction rate are 
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also studied: 800, 1600, and 2400 ppm. The results show that specific gravity changes follow 

almost exactly the same trend (figure 3-8).  

                                  

            Figure 3-8: Changes of specific gravity with time for varying loadings of Ni in 3.2 mm Al pellet.        

       As can be seen in table 3-8, the rate of reaction does not change with each increment of Ni-

loadings. The three reactions completed in 4 hours (time required to reach to the specific gravity 

1.33), which indicates that the reaction becomes saturated after some level of Ni-salt addition.  

Table 3-8: Summarized data for various Ni-loadings in 3.2 mm Al pellets for ACH synthesis. 

Surface area 

(cm2/g) 

Fe 

content 

(ppm) 

Externally added Ni 

(ppm) 

Reaction time 

(h) 

 

5.8 

 

 

850 

 

800 4 

1600 4 

2400 4 

 

1.12

1.17
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800 ppm Ni

1600 ppm Ni

2400 ppm Ni
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The effect of Ni on the ACH reaction rate while using the purest aluminum (99.999% Al) is 

investigated in experiment 18. Ni shows the most dramatic increase in the reaction rate with this 

pellet. The reaction time using Ni and the type I pellet decreased from 138 hours (type I with no 

added salt) to 24 hours, whereas Fe with the type I pellet decreased the reaction rate to 38 hours 

(figure 3-9). Therefore, the addition of the transition metal salts shows a significant effect on the 

reaction rate of ACH synthesis, and Ni has the most pronounced effect of the four transition 

metals studied here.  

                               

Figure 3-9: Total reaction time for Al pellet with Fe and Ni salt. Type I Al pellet has 99.999% Al and 1 ppm Fe 

impurity, and type II has 99.824% Al and 850 ppm Fe impurity.  

The reactivity of Ni over the other transition metals in ACH synthesis can also be explained in 

terms of H2 production.  From experiment 3.3, the amount of H2 gas produced during ACH 

synthesis is plotted as a function of time in figure 3-10.  
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Figure 3-10: Production rate of H2 gas vs. time with and without the addition of external transition metals (Fe and 
Ni-salt) in ACH synthesis reaction using type II Al pellets (3.2 mm, 99.824% Al).   

 

The production of H2 gas decreases with time in all of the cases. The production of H2 is relatively 

lower when there is no externally added salt in the system as compared to the Fe-added 

reaction. However, a significant rise in the H2 production can be seen for the Ni promoted 

reaction, which also aligns with the fact that the Ni-catalyzed reaction completes in only 4 hours.  

3.3.6 EDX Spectra and SEM Imaging of Al Pellet 

The leftover Al pellet after the ACH synthesis reaction was collected and analyzed using the 

EDX (Energy Dispersive X-ray Spectroscopy) spectra and SEM (Scanning Electron Microscopy) 

to investigate the fate of the externally added metallic salt during the reaction. The SEM image 

shows the morphology of the Al pellet surface after the ACH synthesis. The pure Al pellet showed 

much more of a regular shape (figure 3-14(b)) compared to the impure one (3-14(a)). The EDX 

spectra showed that the externally added salt deposited on the Al pellet (figure 3-11-3-13). 

Formation of the metallic particle observed during the ACH synthesis (collected through the 

magnetic stir bar) and this metallic particle deposited into the Al pellet.  
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Figure 3-11: EDX spectra of the Al pellet collected before and after the ACH synthesis in the case of type II Al pellet 
(3.2 mm, 99.824% Al) used in this experiment.  
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Figure 3-12: EDX spectra of the Al pellet collected before and after the ACH synthesis in the case of Ni-catalyzed 
type II Al pellet (3.2 mm, 99.824% Al) used in this experiment.  
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Figure 3-13: EDX spectra of the Al pellet collected before and after the ACH synthesis in the case of Ni- catalyzed 
type I Al pellet (3.2 mm, 99.999% Al) used in this experiment.  
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Figure 3-14: SEM image of the Al pellet collected after the ACH synthesis for Ni loading in a. type II pellet (99.824% 
Al) and b. Type I pellet (99.999% Al).  

 

3.3.7 Kinetic Study 

When there are externally added impurities in the ACH solution, the reaction rate increases 

rapidly. Along with the surface area, the amount and types of impurity affect the reaction rate, 

and changes in specific gravity with time are plotted in figure 3-15 for the various transition metal 

impurities added. From this graph, the rate equations for the metal catalyzed ACH reaction are 

derived.  

                                  

Figure 3-15: Changes of specific gravity with time in ACH synthesis with various transition metal loadings in the 
solution with 3.2 mm size Al pellet (type II).  
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The slope of the equation provides the rate of the specific gravity changes with time. The 

observed rate can be written as: 

 Kobs = ([Al3+]/tsg-t0) ………………… (Eqn. 3); where, tSG = time required to reach the specific 

gravity 1.33, and t0 = initial time.  

The calculated observed rate constant is summarized in table 3-9.      

Table 3-9: Calculated rate constant for the ACH synthesis with various metallic impurities added to the system. 

Size of Al 

pellet (mm) 

Surface 

area 

(cm2/g) 

 

Fe impurity 

(ppm) 

External 

impurity 

Rate constant, 

Kobs 

([Al3+]/tsg-t0) 

3.2 5.8 850 - 0.24 

3.2 5.8 850 Fe 0.5 

3.2 5.8 850 Cu 0.3 

3.2 5.8 850 Ni 1.5 

 

As seen in table 3-9, the transition metal catalyzed reaction has a higher rate constant than the 

non-catalyzed reaction. In addition, among the metal catalyzed reactions, Ni has the highest rate 

constant, followed by Fe and finally Cu, which is five times less than Ni. This is supported by the 

data from experiment 3.3 in which the Cu reaction took 5 times longer to complete. Therefore, 

the rate of the ACH synthesis reaction not only depends on the surface area, but also depends 

on the types of impurities present or added to the metallic aluminum.  

3.3 Mechanism of the Transition Metal Catalyzed ACH Synthesis 
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The reaction rate of ACH is dependent on the surface area of the metallic aluminum. Along with 

this, small impurities present in the aluminum pellets also significantly affect the reaction rate. 

Two hypotheses are proposed to explain the effect of impurities on the reaction rate: 1) internal 

strain due to defects69,70 and 2) catalyzed H2 production.   

The reaction rate of ACH increases by about 4.5 times when the amount of Fe present in the 

aluminum pellet increases from 1 ppm to 275 ppm. The purest Al (99.999% pure) used in this 

chapter has a reaction rate very similar to that of the aluminum ingot, even though the pellets 

have a larger surface area than the ingot. The data suggest that the presence of Fe impurity in 

Al makes it more reactive towards the redox reaction through internal strain caused by the Fe 

defect. Even though the reaction of Al and HCl is an exothermic reaction, because of the 

formation of Al2O3 layer on top of the Al, the reaction initially progresses very slowly. The internal 

strain cause by the Fe impurity in the Al pellet may make it comparatively unstable and helps to 

rupture the formed Al2O3 layer and increases the reaction rate of the ACH synthesis. In addition, 

the presence of 3-d transition metals reduces the corrosion resistance of Al, which consequently 

increases the reaction rate.  

The other possible reason for the increased reaction rate is that the present metallic Fe acts as 

an active catalyst site for H2 production. In fact, transition metals are widely used as active 

catalysts in the production of H2.
1

 Among the 3-d series, Ti has the highest H2 overpotential, 

which decreases with the increasing atomic number until Ni.1 Ni has the lowest H2 overpotential, 

and after Ni the overpotential starts to increase. These documented changes in overpotential 

are well matched with the experimental results found in this study. The addition of Ni-salt 

increases the ACH reaction rate more significantly than the addition of Fe, Co and Cu; especially 

Cu, which has the least effect on the ACH reaction rate (section 3.2.4). According to the data, 
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the reactivity of the transition metals in this study is Ni (reaction time: 4 hours) >> Fe, Co (reaction 

time: 13 hours)> Cu (reaction time: 19 hours).   

                                              
                                       Figure 3-16: Hydrogen overpotential for 3-d transition metals.2 

            In addition, metallic aluminum oxidizes easily to form a layer of aluminum oxide, which 

prevents further reaction of aluminum; however, water-soluble inorganic salts can produce 

localized pitting and rupture of the alumina layer on aluminum particles.71 Such effects have 

been employed to promote aluminum-water hydrogen production reactions. This effect 

demonstrated here using the externally added various metallic salt (Fe, Co, Cu and Ni). Among 

these transition metals, Ni was substantially efficient in the ACH synthesis reaction.  

This study proposes a mechanism for how these transition metals affect the rate of H2 

production. The Ni acts as a reactive site for both proton adsorption and electron capture. The 

adsorbed protons react with the captured electrons to form H atoms, and subsequently to form 

H2 and desorb it from the Ni sites (figure 3-17).  



 

 67 

                                      

                          Figure 3-17: H2 generation using Ni as a co-catalyst on the aluminum surface. 

 

It is important that the adsorption of proton and desorption of H2 both occur at a reasonable rate 

to produce H2 on the catalyst surface. If the catalyst surface has weak bonding strength, the 

adsorption of H atoms would not be efficient enough to initiate the H2 generation reaction. Again, 

if the surface bonding strength is too strong to release the produced H2, the reaction will be 

incomplete. Therefore, an optimum balance between adsorption and desorption of H into the 

catalyst surface is required.  

Norskov and co-workers40 used density functional theory to calculate the hydrogen adsorption 

free energy of various transition metals, and generated a volcano curve by plotting these 

calculated free energies versus the experimentally determined hydrogen evolution reaction 

current density (figure 3-18).  

             

H+

H2NiAl

Al3+

e-
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Figure 3-18: Volcano plot of exchange current density as a function of DFT-calculated Gibbs free energy of 
adsorbed atomic hydrogen on pure metals.40  

 

As can be seen in figure 3-18, Pt and other noble metals are situated at the top of the volcano, 

which means they are excellent hydrogen generation catalysts, followed by the transition metals. 

These theoretical values match data from previous research.64 In addition, as seen in figure 3-

18, Ni is higher than Co and Cu, meaning that Ni is better at H2 production. This is also seen in 

the data from experiments 3.3 in this study.  

3.4 Conclusion 

The reaction rate of the ACH synthesis can be controlled by the Al surface area when the 

optimum reaction conditions are strictly followed (150% excess Al, 100 °C, and 20% HCl). 

However, further investigation of the ACH synthesis reveals that the reaction rate also depends 

on the purity of the Al metal. The reaction rate decreases with the increasing purity of the Al. In 

this study, the primary focus is on the Fe impurity present in the Al. Fe destabilizes the Al 

structure by functioning as an internal strain or acting as a co-catalyst for the H2 generation 

reaction and increasing the reaction rate. The results from experiment 3.2 suggest that 

destabilizing the Al structure with Fe impurity is the reason for the higher reaction rate. However, 
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when Fe-salt is added to the system, the reaction rate also significantly increases, indicating that 

both hypothesis 1 and 2 are valid in explaining the increased reaction rate of ACH synthesis.  

In addition, data from experiments 3.3 show that replacing Fe-salt with other transition metals 

affects the reaction rate of ACH synthesis, depending on the metal added and their H2 

overpotential value. With all of the other reaction parameters (surface area, acid concentration, 

excess Al and the temperature) the same, among the 3-d transition metals used in this study, Ni 

has the lowest H2 overpotential, and it increases the reaction rate by 5.5 times compared to the 

uncatalyzed reaction. Thus, it can be concluded that the reaction rate of ACH synthesis can be 

controlled by the purity and the surface area of the Al, and by the addition of transition metals.   
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Chapter 4 

Speciation of Al during the Formation of ACH Using Electrospray Ionization-Ion Trap- Time of 

Flight-Mass Spectrometry (ESI-IT-TOF-MS) 

4.1 Introduction  

Water treatment and antiperspirants are the two major applications of ACH.  ACH is a 

complex mixture of polymeric water-soluble Al complexes at a pH between 3.5 and 4.0.2,17 As a 

concentrated solution, ACH is an effective coagulant and flocculant which induces the 

coagulation of many colloidal impurities in raw water and crosslinks to form a polymeric gel which 

precipitates out of solution.18,23 During this process, not only are many bacterial, viruses, proteins 

and other biological debris removed, but also it induces the co-precipitation of many heavy metal 

ions, including Pb2+, to considerably purify the water.5 These ions are proposed to get caught up 

in the giant polymeric web that’s forms during the flocculation process.  

As an antiperspirant, the ACH solution is converted into a waxy-like powder or solid by 

careful dehydration of the ACH solution. When done properly, the ACH powder is easily re-

dissolved in water.  Application of this powder to the skin, under the arm, results in the formation 

of a polymeric aluminum oxy, hydroxy, aqua film, which precipitates or captures the oils and 

proteins in perspiration and blocks the pores in the skin, preventing perspiration.6,21 Because of 

the dermatological application, the ACH must have a mild pH and not irritate the skin, nor cause 

damage to the clothing.21 

Because there are numerous uses for ACH, several different grades of ACH are sold, 

such as those listed in Table 4-1.72 Key considerations in the ACH grade are the Al2O3 and 

chloride content, pH, and turbidity for solutions.  
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Table 4-1: Industrial specifications of ACH powder and solution  

Grade 
Water treatment 

grade (Solution) 

Cosmetic grade 

(Solution) 

Water treatment 

grade (Powder) 

Cosmetics grade 

(Powder) 

Solubility Soluble in water Soluble in water Soluble in water Soluble in water 

Al2O3 >23% 23-24% >46% 46-48% 

Cl <9% 7.9-8.4% <18% 15.8-16.8% 

Basicity 75-83% 75-90% 75-83% 75-90% 

pH 3.5-4.0 4.0-4.4 3.5-4.0 4.0-4.4 

Specific Gravity 1.33-1.35 g/mL 1.33-1.35 g/mL 1.33-1.35 g/mL 1.33-1.35 g/mL 

 

For many applications, ACH is overkill and cheaper solutions of polymeric aluminum 

chloride (PAC) are used. The chief difference being that PAC has a lower soluble Al2O3 content 

(i.e. 15%), a lower pH, typically near 1.0, and may contain a greater percentage of other 

impurities, Fe being the most common. PAC may be sufficient for treatment of wastewater, but 

not acceptable for treatment of potable water, similarly PAC would generally not be suitable nor 

pass the quality requirements for use in cosmetics or antiperspirants. In this study, we define 

ACH as either being water-treatment grade or cosmetic grade and the general specifications are 

shown in Table 4-1.  We limit the scope of this work to a study of the speciation of Al observed 

during the production of ACH and the speciation found in water treatment grade ACH (solution 

or powder).  While this was the limit of our study, the common methods for making these soluble 

aluminum products means that much of the chemistry seen in ACH synthesis is relevant to PAC 

and other grades of ACH.   
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Polymeric water-soluble aluminum (III) species are common to all PAC and ACH 

products.  In ACH, clusters of 13 Al3+ ions bridged by H2O, OH-, and O2- ions are found to be the 

dominant polymeric species in solution or solid.13,14 The Al13 clusters are all generally related to 

the cluster cation (Al13O4(OH)24(H2O)12)7+ which has the Keggin structure with a central 

tetrahedral Al ion in the center of a symmetrical, near spherical cluster of 12 octahedrally 

coordinated Al ions.16,73,74 The formula can be expressed as (AlO4Al12(OH)24(H2O)12)7+ and can 

exist in many different protonation states.74,75 The clusters with this structure are generally 

referred to as Al13 ions. Because of their large size and overall high charge,  Al13 ions are highly 

effective in the coagulation process as they can efficiently bind, neutralize, and many of the 

negatively-charged colloid species present in raw water.76,77,78   

The formation process for Al13 ions is not fully understood, but undoubtedly begins as a 

condensation process of the monomeric species [Al(H2O)6]3+ which is formed under high acid 

conditions.74  As the reaction between the HCl and Al metal proceeds the acid concentration 

falls and the [Al(H2O)6]3+ concentration increases, leading to dimerization reactions, such as 

those shown in Figure 4-1.74 The dimer then goes through further polymerization to form trimer, 

tetramer, and higher polymeric species as the pH rises eventually to 3.5 -4.0.  
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                                         Figure 4-1: Dimerization of Al hydrolysis complex.74 

During the hydrolysis process, a wide range of polymeric species with Al nuclearities from 

1 to 200 are formed, making it difficult to characterize. There are several techniques available 

for characterizing the ACH polymers. 27Al NMR and X-ray diffraction provides significant 

information to elucidate the structure of polymeric Al complex.79 Size exclusion chromatography 

(SEC) was used to identify the Al polymeric complexes in acidic conditions.7,80 Even though SEC 

identified several Al polymeric species, the working pH (pH ~ 1-2) was far from the real pH of 

the ACH solution (pH ~ 4-5). Capillary electrophoresis (CE) was applied to identify and quantify 

Al13 and Al30 complexes in the rea ACH application pH range of ACH (pH ~4.8).81 The use of 

electron spray ionization mass spectrometry (ESI-MS) to specify the aluminum hydrolysis 

species at various pH and concentrations is quite common these days.82,83,84 Several aluminum 

-2 H2O 
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species including the monomer, dimer, trimer, and polymeric species have been identified from 

these studies and matched with the relevant 27Al NMR data available, demonstrating that ESI-

MS can be a reliable instrument for speciation of Al hydrolysis species.85,86,87,88  

ESI-MS is a soft ionization method used for transporting the pre-existing ions from a 

solution to the gas phase and then analyzing these ions with mass spectrometry techniques. 

Counterions in ACH, such as Cl- anion can coordinate with the Al and help to identify the species 

using the ESI-MS. However, the coordination of Al with Cl- is very weak; therefore, it is very 

complex to separate and identify all of the species from a mass spectrum of ACH solution.89 

Some strong ligands such as EDTA could be used to identify, but they rapidly convert all of the 

aluminum species into a stable complex and make it impossible to get the kinetic data.90,91,92 

Speciation of aluminum hydrolysis using electrospray ionization mass spectrometry was 

comprehensively studied by Sarpola et al.82,83,87 They investigated aluminum chloride 

hexahydrate (AlCl3.6H2O) and aluminum sulfate octadecahydrate [Al2(SO4)3
.18H2O] using the 

ESI-MS at varying pH ranges and concentrations of aluminum solution. By using the ESI-TOF-

MS, they found that the speciation of Al varies with the pH variation: dimeric and trimeric Al 

species were dominant at pH 3, whereas larger polymers like Al13 were dominant at pH 5. In 

fact, the largest polymer reported was the Al30 cluster [Al30O35(OH)17]3+ at pH 5. They also studied 

the AlCl3.6H2O hydrolysis species using a triple quadrupole tandem mass spectrometry 

technique. With this technique, no anionic spectra were observed, and the signals of the 

monomeric species were dominant all over the spectra. At higher collisional energies, a bridging 

oxo-ligand formed between two hydroxo groups with the loss of a water molecule. They observed 

that even the smaller dimeric and trimeric complexes were able to capture aqua ligands.  
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Urabe et al. also studied the hydrolysis of AlCl3.6H2O in solution using ESI-Q-MS 

(electrospray ionization-quadrupole-mass spectrometry) and ESI-TOF-MS (electrospray 

ionization-time of flight-mass spectrometry).86,89 They observed the formation of mostly positively 

charged monomeric complexes when there was no pH adjustment of the Al solution. They also 

found some singly charged polymers (Al2, Al3, Al4 and Al5) in the solution. However, they found 

Al13
3+ (m/z = 279-309) and Al13

2+ (m/z = 409 + 9n, n = 0-7) in the partially neutralized AlCl3 

solution.  

Among the several polymeric species of Al hydrolysis studied, Al13 is widely noted as the 

key ingredient for the coagulation of colloidal particles in water treatment industries.80 Several 

ESI-MS studies were performed on purified Al13 to identify and elucidate the structure of the Al13 

complex.16,74 Al13 is usually synthesized from AlCl3.6H2O through base (NaOH) treatment and is 

then purified prior to ESI-MS analysis. Simple Al salts such as aluminum chloride or aluminum 

sulfate form similar types of polymeric hydrolysis species as ACH does. However, one of the 

major advantages of ACH over alum or chloride salt is that ACH does not require a pH 

adjustment to form the larger multi charged polymeric species, which make ACH more useful in 

water treatment.23  

Nearly all of the mass spectrometry-based studies of Al hydrolysis and Al13 formation start 

with aluminum chloride or aluminum sulfate and then add base to adjust the pH.  Some studies 

start with the isolated Al13 salt.74,78 As ACH is made from the reaction of aluminum metal and 

HCl (aq), the speciation during this reaction is still unexplored.  Moreover, to our knowledge 

there are no reports of the differences in Al speciation in ACH solution (SG 1.33) and solid ACH 

powder. Herein, Electrospray Ionization-Ion Trap-Time of Flight- Mass Spectrometry (ESI-IT-
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TOF-MS) is used to examine the speciation of Al clusters during the synthesis of ACH and in the 

ACH solution and solid phase products.    

4.2 Experimental  

4.2.1 Sample Preparation 

4.2.1.1 Synthesis of ACH 

Water (435 mL) and 200 g Al pellets (3.2 mm, surface area 9.5 cm2/g) were added to a large 

5.0 L round bottomed flask. Upon addition of 500 mL of 20% HCl (6.8 M), the reaction was 

observed to begin with the release of gas bubbles. Over time, the rate of H2 evolution increased 

as the reaction warmed up and became more vigorous. The temperature was observed to rise 

slowly and then quickly, reaching a maximum of 96 oC, which then levelled off and began to 

cool. Once this exothermic phase had past, another 115 mL of 20% HCl was added and the 

reaction flask was transferred into preheated oil bath (100 oC) to maintain the boiling 

temperature. Once the specific gravity of the solution reached 1.33, the flask removed from the 

oil bath and cool down to the room temperature. Measurement of the dried Al bones revealed 

that 56% of Al charge had dissolved.  Reaction time was 21 h. Final volume of the ACH was 

740.0 mL. Specific gravity of the solution recorded as 1.34 and turbidity 26 NTU.  

4.2.1.2 Sample Preparation for ESI-MS Study: 

During ACH synthesis, aliquots (5.0 mL) were collected at 4, 8, 12, and 21 hours. Each sample 

was diluted with Millipore water (2.5% v/v) and the pH of the samples was measured in the range 

of 4.2-5. The solutions were then divided into two parts. One part is used for the analysis right 

after dilution (fresh solution) and another part kept for 7 days (aged solution) before analysis.  
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In order to prepare the powder ACH samples, the collected aliquot dehydrated in an oven at 90 

°C for 3 hours. After drying, the aliquots formed a white solid crystal, which was then crushed to 

form a water-soluble white powder. Samples for ESI-MS analysis was prepared by dissolving 

0.1 g of this Al powder into 4.0 mL Millipore water (2.5% w/v). The salt readily dissolved into the 

water and the pH of the solutions was between 3.8 and 4.2. These samples also divided into 

two parts: fresh and aged (7 days) samples.  

To investigate the Al hydrolysis complex formation in a Ni-catalyzed ACH synthesis compared 

to an uncatalyzed one, the samples were prepared following the same procedure described 

above. NiSO4
.6H2O (800 ppm) was added to the reaction (3.2 mm Al pellets and 20% HCl 

mixture) at the beginning, and it took about 4 hours to achieve the specific gravity 1.33. During 

synthesis, aliquots (5.0 mL) were collected at 1 h and 2 h. Collected samples then dried into 

powder and samples for ESI-MS was prepared by mixing them with water (2.5% w/v).  

4.2.2 Mass Spectrometry 

The mass spectra were recorded with a Shimadzu LC-IT-TOF-MS spectrometer. In order 

to verify the reliability of the ESI-TOF-MS, phosphomolybdic acid hydrate (H3Mo12O40P.xH2O) 

was used as a test sample using the same techniques as Hercules et al.93,94 H3Mo12O40P.xH2O 

was dissolved in deionized water and left for about 20 hours to equilibrate, and then analyzed 

using the ESI-MS. The results of this study show that the mass spectra found for the 

molybdenum core are the same as Hercules et al. reported.93,94  

For the Al analysis the LC part was not used; instead a pump syringe was used to introduce the 

sample at a flow rate of 10 µL/min. The capillary voltage was kept at 4.5 kV because a lower 

voltage than this showed less intense mass spectra. The CDL temperature was 180 °C and heat 
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block temperature was 150 °C. The ESI-MS spectra were recorded on a positive ion mode and 

analyzed using Shimadzu lab solutions software.  

4.3 Results and Discussion 

In order to determine the structure of the Al polymeric species, the mass spectra were 

analyzed using the following general technique. A general molecular formula of 

[AlxOy(OH)zClm.nH2O]a+ was assumed. Aluminum, oxygen, and hydrogen have only one naturally 

abundant isotope 27Al (100%), 18O (99.76%), and 1H (99.98%), whereas chlorine has two 

isotopes, 35Cl (75.78%) and 37Cl (24.22%). Thus, the presence of chlorine is easy to detect and 

can provide additional insight about the structure of the compound. Dominant peaks in the 

spectra were first fit to a specific Alx stoichiometry and charge of the Al complex. The gaussian 

like distributions of peaks around a specific Alx stoichiometry were then fit, in part, by varying 

the number of waters (n) and charge.  For example, when the Al complex adds a water molecule, 

the m/z peak has a difference of 18 u is observed for a single charged Al complex, 9 u for a 

double charged complex, and 6 u for a triple charged complex. The mass spectra of Al13 cluster 

with varying water peaks forms a Gaussian curve that was observed for all of the mass spectra 

acquired in this study.82,83 

4.3.1 Identification of Al Hydrolysis Complex   

The mass spectra of the ACH powder contains wide ranges of peaks and appears noisy. The 

significant difference between the mass spectra of 4 h and 21 h (final product) is that the 4 h 

spectra contains mostly single charged complexes whereas the 21 h spectra contains 

predominantly multi-charged complexes. The mass spectra of the intermediate solution (12 h) 
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shows almost equal intensities of double and triple charged Al13 species, whereas the final 

product mass spectra shows much intense triple charged than double charged Al13 species.  

Mass spectra of ACH solution also forms Al13
3+ complex in 21 h solution, but there are no Al13

2+ 

peak found there. The 4 h solution have few Al2 and Al3 single charged species along with Al13
3+ 

complex, even though the intensity of the peaks at the mass spectra are reasonably low as 

compared to the 21 h solution. Table 4-2 summarizes all of the identified Al complexes using the 

ESI-MS of the ACH powder and aqueous solution at various hours of the synthesis for the aged 

solution.  

Table 4-2: Identified species of aluminum hydrolysis using the ESI-MS of aged ACH powder and aqueous solution.  

Symbols Species m/z 
Reaction time 

(h) 
ACH 

Al2 [Al2(OH)5(H2O)n]+, n=0-3 139 4 Powder, Solution 

Al3 [Al3O2(OH)Cl3(H2O)]+ 235 4 Powder, Solution 

Al3 [Al3(OH)6Cl2(H2O)]+ 253 4 Powder 

Al4 [Al4O3(OH)3Cl2(H2O)]+ 277 4 Powder 

Al5 [Al5O2(OH)8Cl2]+ 373 21 Powder 

Al5 [Al5O2(OH)4Cl4(H2O)]+ 375 21 Powder 

Al13 [Al13O10(OH)17(H2O)n]
2+,n=0-3 400 12, 21 Powder 

Al13 [Al13O4(OH)28(H2O)n]3+, n=0-7 303 4, 12, 21 Powder, Solution 

Al14 [Al14O7(OH)25(H2O)]2+ 457 12, 21 Powder, Solution 
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4.3.2 Mass Spectrometry Analysis of Fresh Samples (ACH Solution and Powder)  

The 4 h samples for both fresh ACH solution and powder shows only a few peaks in the mass 

spectra. The mass spectra peaks in the lower m/z area and comparably lower intensities indicate 

mostly single charged small species present in both of these spectra. None of the mass spectra 

show any Gaussian shape water coordination with the Al complex or chloride ion exchange with 

OH-, which make it difficult to clearly identify the peaks in the mass spectra.  

In case of final product ACH for both fresh solution and powder, the mass spectra are similar to 

each other. The 6u differences in between peaks in the mass spectra indicate triple charged 

large polymeric species present there. However, the identity of these peaks was inconclusive 

for both fresh samples of ACH solution and powder. Because the formation of polynuclear 

aluminum species is comparatively slower than the monomeric and dimeric complexes, to 

ensure the formation of stable Al complexes, the samples were allowed to equilibrate for about 

7 days before mass spectra analysis. This aged sample’s mass spectra are analyzed and 

discussed in section 4.3.3.  

4.3.3 Mass Spectrometry Analysis of Aged Samples (ACH Solution and Powder)  

4.3.3.1 Aged Sample (ACH powder) 

The 4 h sample mass spectra (m/z = 100-300 region) shows a series of peaks with 18u 

differences (figure 4-1). This is mostly because of the loss of water molecules. The Gaussian 

shape of the spectra also resembles the water hydrolysis spectra. In addition, the peaks with 

18u differences can be attributed to the coordination of Cl- in exchange of OH-, as the difference 

between OH- and Cl- is also 18u. The 37Cl isotopic peak also confirms the Cl- incorporation in 

some cases.   
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All of the sample solutions (4 h, 12 h, and 21 h) with a mass spectrum in the region m/z = 300 – 

400 form Gaussian curves. In this region, the peaks have a m/z difference of 9u or 6u due to the 

water coordination, and are identified as double and triple charged species, respectively. Those 

peaks are mostly Al13 and Al14 species. The major difference between the 4 h and the 21 h mass 

spectra is that the final product does not show any of the single charged species at the beginning 

of the spectra (100-300 m/z).  

The 4 h and the 21 h mass spectra both have two Gaussian curves with the highest peak 

intensity at m/z = 340 and m/z = 400, respectively. The m/z = 400 series converges with the m/z 

= 340 series, making it quite complicated to identify which peaks belong to which series. 

Therefore, both series are identified as Al13 species, although part of the m/z = 400 series can 

also be attributed to Al14 or Al15 species.  

The 12h solution mass spectra resembles the final product spectra in that there is no di-, tri-, or 

tetramers present. The 12 h and 21 h sample mass spectra also formed two Gaussian curves 

with 9u and 6u differences, which are identified as double and triple charged Al complex.  
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The mass spectra for the Ni-catalyzed ACH reaction was also analyzed. The first hour mass 

spectra for the Ni-catalyzed ACH reaction are the same as the mass spectra for the 12 h solution 

un-catalyzed reaction; in addition, the final product mass spectra for both reactions are the same 

regardless of the reaction time. Thus, it can be concluded that the reaction with and without 3-d 

transition metals followed the same path, but with a relatively higher rate of reaction for the 

transition metals catalyzed reaction.  

Lee et al. proposed that the polymerization of the aluminum hydrolysis starts with the monomer 

formation, which leads to the formation of dimers, trimers and so on. In this study, the data 

collected for the 4 h solution showed these dimer, trimer, and tetramer species, which leads to 

the formation of further oligomers.  

Furthermore, Lee et al. hypothesized that Al13 forms through the polymerization of the pentamer 

and the octamer species. In this study, the presence of the pentamer species in the 21 h sample 

solution was identified, but as data was only collected up to m/z = 600, the octamer species was 

not identified. However, based on their work, it can also be hypothesized that the Al13 species 

found in this study formed through the polymerization of the pentamer species with the octamer 

species.  

4.3.3.2 Aged Sample (ACH solution) 

As compared to the ACH powder, the mass spectra of the ACH solution is less intense for all 

cases of 4, 12, and 21 h solutions. There are some significant differences between the mass 

spectra of the ACH powder and solution. The 4 h mass spectra for the ACH solution have few 

single charged species (Al2 and Al3), but it does not follow the trend of water enriched Al complex 

formation as similar as ACH powder. 12 h and 21 h mass spectra are quite similar in ACH 
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solution, and both of them has highly polymerized Al13
3+, Al14

3+ and Al15
3+ species present there. 

There is no single or, double charged species found in the 21 h mass spectra for the ACH 

solution.  

The dehydrated ACH powder contains about 46% Al2O3, whereas the ACH solution contains 

23% Al2O3.84 Therefore, the ACH powder goes into intensive polymerization during hydrolysis 

and form Al13 enrich salt. However, hydrolysis of ACH solution forms lesser degree of 

polymerization. Even though ACH solution does undergo polymerization and forms Al13 and 

higher polymeric species, the less intensity of the mass spectra peaks as compared to the ACH 

powder indicates less amount of polymeric species present in the solution.  
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4.4 Conclusion 

There are numerous studies about the speciation of the polymeric species of Al hydrolysis. All 

of these studies used different kinds of Al salts, including AlCl3, Al2(SO4)3, and isolated Al13 

enrich salt; however, they all only investigated the final product. In contrast, in this study along 

with investigating the final product, each step towards the formation of the salt is also analyzed. 

How the polymerization of the Al hydrolysis occurs during the formation of the salt was 

thoroughly studied using ESI-MS.  

Mass spectra of fresh ACH solution contains mostly smaller single charged species. However, 

fresh ACH powder contains double charged polymeric species at the 21 h sample solution. For 

the aged solution, mass spectra of dehydrated ACH powder shows that the solution at the initial 

stage of the reaction is enriched with stable dimer, trimer, and tetrameric species of Al. As the 

reaction progressed, these small single charged species started to disappear, and the solution 

became enriched with Al13
2+ and Al13

3+ complexes. When the reaction reached the halfway point 

(12 h), the Al solution had more intense Al13
2+ than Al13

3+ species, with almost no smaller single 

charged stable di-, tri-, or tetrameric species. As more HCl acid was consumed during the course 

of the reaction, the proportion of Al13
3+ to Al13

2+ increased, and the ACH salt final product (21 h) 

contained Al13
3+ species and Al14 species, but no Al13

2+. In case of ACH solution, the aged 

solution forms mostly highly polymerized Al complex of Al13, Al14 and Al15 species in 21 h. But 

the lesser intensity of the peaks of these complexes indicate a lower degree of polymerization 

for ACH solution in contrast to ACH powder. Both ACH powder and solution mass spectra show 

that the polymerization process starts at the early stage of the ACH synthesis and continue to 

form more stable higher polymeric species. The aged solutions of both ACH powder and solution 

has almost no stable smaller monomeric or, dimeric species once it equilibrated and enriched 
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with Al13 complex. Published studies suggest that the most important polymeric species of Al 

hydrolysis is Al13, which plays a critical role in water treatment and the antiperspiration industry. 

This stepwise Al hydrolysis study confirms this. The data from the ESI-MS of the ACH show that 

the ACH salt contains concentrated stable polymeric species of the Al13 and higher species, 

which indicates that the activity of the ACH salt depends on the higher polymeric species of Al 

hydrolysis, including the Al13 species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 98 

Chapter 5 

Conclusion and Future Work 

 

Aluminum chlorohydrate (ACH) plays a critical role in water treatment, and the antiperspirant 

and deodorant industry. All of the antiperspirants and deodorants available on the market at 

present contain aluminum salt, mostly ACH. In the water treatment, ACH is notable for its high 

solubility, fast processing time, decreased sludge formation, and lowered dosage units. Upon 

hydrolysis, ACH forms a wide variety of aluminum species ranging from small monomer-dimers 

to large oligomers like the Al13. These large polymeric species are the key ingredient for the 

water coagulation and antiperspirant activity of ACH. Numerous studies have attempted to 

elucidate the structure of ACH and identify the polymeric species of aluminum hydrolysis. Even 

though the uses of ACH date back to the 1950s, no systematic studies of the ACH synthesis 

have been published to date. Therefore, this study presents a systematic study of ACH synthesis 

using metallic Al and HCl.  

In addition, there are several industrial ways to prepare ACH, but all of these processes take 3 

– 7, and possibly up to 10 days to complete the synthesis. Theoretically, increased surface area 

should increase the reaction rate. Thus, to increase surface area but maintain product quality, 

this study replaces industrially used Al ingots with Al pellets during ACH synthesis. Different Al 

pellet sizes are used to determine the optimum surface area that would maximize reaction rate, 

and the data show that the reaction rate increases by up to 6.5 times with the pellet with surface 

area of 5.8 cm2/g. Further increases in surface area after this size did not have measurable effect 

on the reaction rate. For example, the grain with surface area 42 cm2/g also increased the 

reaction rate 6.5 times. However, when the experiment was initially run, the product quality did 

not meet the specifications used in the ACH industry. The poor product quality, as determined 
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by the chloride ion concentration and the Al2O3 percentage being out of specification and the 

turbidity being too high, was a result of the insufficient amount of Al in the reaction system and 

inefficient circulation of the solution. The ion concentration issue was addressed using 150% 

excess Al pellets over the stoichiometric quantity. In order to resolve the turbidity problem, two 

different types of circulation methods (active and passive circulation) were added to the reaction 

setup. 

In the second part of the study, the effect of 3-d transition metal impurities in the ACH synthesis 

is examined. Trace amounts of Fe present in the Al pellet increases the ACH reaction rate 5 

times compared to the pure Al pellet. Furthermore, the ACH reaction rate increased with the 

addition of 3-d transition metal salts in ppm level. Among the various 3-d transition metal salts, 

Ni is the most effective and increased the reaction rate by 6.5 times. Based on the experimental 

data, a kinetic equation involving ACH reaction rate and Al surface area synthesis reaction was 

developed. This equation shows that the reaction rate of ACH is a function of Al surface area. 

To explain the effect of 3-d transition metals on the ACH reaction rate, a mechanism is proposed. 

The ACH reaction is a redox reaction where the metallic Al is reduced to Al3+ and H+ is reduced 

to H2 gas. The proposed mechanism is that the added transition metals reduce to their metallic 

form, are deposited on the Al pellet, and act as the reactive site for the H2 generation reaction. 

Thus, the reaction rate increases with increased H2 generation. The proposed mechanism also 

explains the increased reaction rate with the Ni-salt, which is in line with other studies that have 

found that Ni is a very effective co-catalyst for H2 generation. EDX data from this study shows 

that the added metallic salt is deposited on the Al pellet during the reaction. Finally, the 

calculated observed rate constant for the transition metal catalyzed reaction also supports the 
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proposed mechanism in that when the surface area of the Al remains constant, the reaction rate 

depends on the types of transition metal added to the system.  

Previous research shows that the hydrolysis product of the ACH forms different types of polymer 

species ranging from monomer to polymer.81 In this study, ESI-TOF-MS is used to determine 

the spectra of the ACH hydrolyzed solution and the identity of the species formed during the 

reaction. The data show that the most significant species is Al13, which starts to form as early as 

4 hours into the reaction (total reaction time 21 hours). However, one significant difference 

between the first quarter of the reaction and the final product is the first quarter has stable single 

charged species while the final product does not. With increasing time, the amount of polymer 

species increased.  

Klug et al. reported that ACH activity as an active ingredient of antiperspirant increases with 

decreasing Fe content in it.28 Total Fe content in ACH measured using the ICP-OES (inductively 

coupled plasma-optical emission spectroscopy) in this study is in the range of 40-50 ppm. The 

Fe-catalyzed ACH synthesis has 3 times more Fe in it (about 150 ppm). Using other 3-d 

transition metals such as Ni, ACH can be synthesized in about 4 hours but the total Ni content 

in ACH is also 150-160 ppm. Thus, it is important to establish a method to remove the trace 

metals from the ACH solution to increase its activity. Also, it is critical to optimize the surface 

area and the quantities of metallic impurities of aluminum to produce the most efficient ACH 

synthesis process.   

Industrially, the typical production time for ACH is 3-5 days with Al ingot due to the lesser surface 

area and slow digestion of the ingot. With using higher surface area Al pellet, the production time 

is reduced down to 20-22 hours in this study. By reducing the production time, the total 

production cost is decreased, and efficiency of the production is increased.  
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Chapter 6 

Solar Photothermochemical Alkane Reverse Combustion 

 

We explored the synthesis of hydrocarbons from CO2 and H2O, in a one-step 

photothermocatalytic process in a flow photoreactor at a higher temperature (200 °C) and 

pressure (6.1 bar) using a TiO2 based photocatalyst under UV irradiation. The initial results 

showed promising efficiencies of the photocatalytic system producing hydrocarbons including 

liquid alkanes, aromatics and oxygenates. This result was published in PNAS in 2016. While 

further exploring this system with 99% 13C enriched CO2, minimal incorporation of the 13C found 

in the product whereas the published results included a 30% 13C enriched CO2 with comparable 

incorporation of 13C in the product system. We assumed that the primary source of the carbon 

in the hydrocarbon products was the carbon impurities resided into the catalyst. Total carbon 

content analysis revealed that the total hydrocarbon products have a higher amount of carbon 

content than the catalyst itself. As the carbon content analysis and the isotopic labeling 

experiment were contradictory, we spent a great extent of resources and effort in this project to 

get a conclusive result, but unfortunately, all the data indicated a minimal amount of incorporation 

of carbon from CO2 into the product. At this point, we retracted the paper from PNAS and 

terminated this project. We are archiving this paper here as it might provide helpful information 

for future studies on the photocatalytic conversion of CO2 research.    
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Abstract: 

A one-step, photothermocatalytic process for the synthesis of hydrocarbons, including 

liquid alkanes, aromatics, and oxygenates, with carbon numbers (Cn) up to C13, from CO2 and 

water is demonstrated in a flow photoreactor operating at elevated temperatures (180-200°C) 

and pressures (1 - 6 bar) using a 5% cobalt on TiO2 catalyst and under UV irradiation.  A 

parametric study of temperature, pressure, and partial pressure ratio revealed that temperatures 

in excess of 160° C are needed to obtain the higher Cn products in quantity and that the product 

distribution shifts towards higher Cn products with increasing pressure.   In the best run so far, 

over 22% by mass of the products were C5+ hydrocarbons and some of these, i.e. octane, are 

drop-in replacements for existing liquid hydrocarbons fuels.   Dioxygen was detected in yields 

ranging between 64 to 150 %.   In principle, this tandem photochemical-thermochemical process, 

fitted with a photocatalyst better matched to the solar spectrum, could provide a cheap and direct 

method to produce liquid hydrocarbons from CO2 and water via a solar process which utilizes 

concentrated sunlight for both photochemical excitation to generate high energy intermediates 

and heat to drive important thermochemical carbon-chain forming reactions.   

 

 

Keywords:  CO2 reduction, solar fuel, photochemistry, Fischer-Tropsch 
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Oil is essential for sustaining the current global population and economy because it is the 

primary source of transportation fuels. Diesel, jet, and gasoline hydrocarbon fuels are unrivalled 

in terms of energy density and ease of use and storage, however, as fossil fuels their combustion 

leads to a significant anthropogenic contribution of CO2 to the atmosphere, estimated at 40 billion 

metric tons of CO2 in 2012 alone.1,2 The eventual replacement of oil with fuels generated from 

sustainable and carbon-neutral sources is necessary if we are to avoid harmful climate change 

due to the build-up of greenhouse gases in the atmosphere.3 Advances in solar-based 

technologies are the most promising,4 however these technologies generally produce either 

electricity or hydrogen, neither of which is an ideal replacement for liquid hydrocarbons.  The 

least disruptive technology would replace oil-derived hydrocarbons with liquid hydrocarbon fuels 

derived from CO2, water, and a clean energy source, such as the sun, leading to a carbon-

neutral fuel cycle.5-7 

Currently, there are a number of promising strategies to harness solar energy to generate of 

high energy molecules (fuels) from water and/or carbon dioxide, including i. high-temperature 

thermochemical cycles,(8) ii. coupling photovoltaics to water electrolysis (PV-EC),9, 10 iii. 

developing single or tandem photoelectrochemical cells (PEC)11-13, or iv. direct photochemical 

methods (PC) using semiconductor materials, often modified by added co-catalysts or 

nanostructuring techniques.12, 14, 15   Hydrogen, carbon monoxide, C1 hydrocarbons, and syngas 

are the most commonly produced fuels and are derived from water or water and CO2.6, 16, 17 

Hydrogen produced via the water splitting reaction (WSR, reaction 1) is arguably the easiest to 

produce and stores the most energy on a mass basis (kJ/kg), however it is not a particularly 

attractive replacement fuel for transportation, due to technological issues with low volume energy 

density, safe storage, and transportation.18 Moreover, switching to a hydrogen-based 
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transportation fuel would also require a considerable investment in upgrading the existing 

automotive fleet and fuel distribution infrastructure.    

One commonly proposed solution to this dilemma is to use the H2 generated via the WSR, Rxn 

1, in combination with CO2 to synthesize liquid hydrocarbon fuels, using the reverse water-gas 

shift (RWGS), Rxn 2, and Fischer-Tropsch synthesis (FTS), Rxn 3, reactions.   

            H2O    à   H2   +  1/2 O2                  DGo =  237.3 kJ/mol                        WSR  (1)  

            CO2  +   H2               CO    +    H2O        DGo = 25.2 kJ/mol                       RWGS (2)  

            (2n + 1) H2 + n CO → CnH(2n+2) + n H2O       DGo ~ -99n kJ/mol                  FT (3)  

            (n+1) H2O  +  n CO2   à  CnH2n+2    +   (3/2n+1/2) O2     DGo ~ 665n kJ/mol    ARC(4) 

The combination of reactions 1-3 is the reverse of combustion and, as generally proposed, would 

be carried out as separate unit operations, each with its attendant efficiency losses and capital 

and operating costs.19,20  We report here a photothermochemical process for driving the alkane 

reverse combustion (ARC) reaction (Rxn 4) to produce C1 to C13 hydrocarbons in a single 

operation unit.  If the process was driven by the sun to provide both photons and heat, a solar 

photothermochemical alkane reverse combustion (SPARC) process could be achieved in one-

step.  If the SPARC reaction can be optimized to predominantly produce liquid hydrocarbons 

and these products are derived from atmospheric CO2, a sustainable and carbon-neutral liquid 

fuel cycle could be realized.   

The direct production of C1 hydrocarbons such as methane, methanol, formic acid, and CO  

from CO2 and water in a photoelectrochemical reactor was realized as early as the mid 1970s 

when Halman21 and then Inoue and coworkers22 showed that irradiation of TiO2 coated electrode 
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suspended in CO2-saturated  aqueous solutions yielded a number of C1 products.  Since this 

time, research has largely focussed on the exploration and development of new semiconductor 

photocatalysts,23 modifications of the semiconductor catalyst in the form of added co-catalysts, 

e.g. Ni, Cu, Ag, and Pt, 23-25 new methods to nanostructure the catalyst,26 and the coupling of 

molecular dyes and co-catalysts with the heterogeneous catalyst. 27,28  While these advances 

have led to improvements in catalytic efficiency and quantum yields, little progress has been 

realized in extending the selectivity of the reaction to favor the more desirable, higher carbon 

number liquid hydrocarbons.29  While reports of trace amounts of products, such as ethane, 

ethanol, acetic acid, propanol, and butanol are not unknown,30-34 they are the exception and 

frequently the underlying cause for their generation is unknown. Of these reports, the work of 

Varghese and coworkers stands out.35,36 They reported that high temperature annealed TiO2 

nanotubes modified with Pt, Pd, or Cu, not only gave methane, but also traces of ethane, 

propane, butane, pentane, and hexane as well as olefins and branched paraffins, although the 

details regarding product quantification and characterization were omitted.  While this work 

yielded the highest Cn products yet reported, the results contributed little towards a mechanistic 

understanding as to how to deliberately target these products.   
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Thus despite over 40 years of research on the photochemical CO2 reduction with 

semiconductors, no clear 

method for directly producing  

C5+ liquid hydrocarbon 

products  exists.  Herein, we 

demonstrate that operation of 

the photochemical ARC reaction 

at elevated temperatures in the 

presence of a hybrid FTS-like 

photocatalyst (cobalt on TiO2 

support) directly yields C2+ 

hydrocarbons as the dominant 

products, including a significant 

portion of C5+ liquid hydrocarbons.   

The key insights being that: i. even though the FTS reaction is exothermic,  a minimum 

temperature of ~ 180° C is required in order to obtain reasonable kinetics for the carbon-chain 

forming process37,38 and ii. the majority of metals (i.e. Ni, Pd, Pt, Cu) used for CO2 photocatalytic 

hydrogenation are poor FTS catalysts as they favor C1 products.39  Fe, Co, and Ru are commonly 

used as FTS catalysts because they exhibit high Cn selectivity,39 but they have not been 

commonly explored in the context of CO2 photoreduction/hydrogenation. By operating the 

SPARC reaction at elevated temperature and pressure over a hybrid FTS photocatalyst, the 

products of the photocatalytic reaction can be consumed in thermal reactions which favor higher 

Cn products. 

 

 

Figure 5-1.  Schematic diagram of photothermal flow reactor with 
cartoon picture of a single Co/TiO2 particle undergoing catalysis 
and TEM picture of cobalt on P25 TiO2 catalyst. 
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In order to examine the SPARC reaction as a function of temperature and pressure, we 

constructed a fixed-bed, tubular flow reactor in which the catalyst bed could be both heated and 

irradiated, as shown schematically in Fig. 1.  During the reaction, CO2 and steam were flowed 

at 40 sccm over the 5 % cobalt on TiO2 catalyst bed, which was heated via an internal electric 

heater and irradiated with four surrounding 250 W Hg lamps.  The products were collected by 

passing the hot effluent gas through a condenser unit at 0 oC to capture condensable products, 

through a back pressure regulator to drop the pressure to 1.0 bar, and then though a sampling 

loop of an automated on-line gas chromatograph for real time gas analysis (full details in the SI).   

As shown in Fig. 5-2, the condensable (liquid) productivity increases upon increasing the 

temperature from 110 to 200 °C (1 bar, PH2O/PCO2 =1.2, UV irradiation) and the product 

distribution shifts to C2 (CH3CH2OH and CH3COOH) and C3 (propanol) products.  Temperatures 

higher than 200 °C were not explored due to reactor limitations.  Below 150 °C, methanol is the 

exclusive condensable product whereas at 150 °C or 

above, C2 and C3 products become more prevalent 

and the methanol diminishes.  Upon going from 180 

to 200 °C, there was doubling of the mass 

productivity but a drop in propanol production and a 

large increase in acetic acid formation.  Upon 

lowering the PH2O/PCO2 to 0.6 (1 bar, 200 °C, UV 

irradiation) the amount of propanol increased 14 fold 

and pentanol (C5H12O) was also detected.  The 

appearance of the heavier alcohols at or above 150 

°C is consistent with a FTS-like mechanism becoming active as the thermal energy approaches 

 

Figure 5-2.  Mass productivity and Cn 
selectivity as a function of photothermal reactor 
temperature at 1 bar and PH2O/PCO2 =1.2, and 
40 sccm. 
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the activation energy needed for chain formation.37,38,40 In a related study of the effect of 

temperature on the photochemical reduction of CO2 to methane over TiO2, Saladin and Alzneit 

showed that the rate of methane formation increases upon going from 20 to 200 °C, indicating 

the rate determining step is a thermal process.41  Significantly, no higher Cn products were 

reported which we suspect is because they lacked a proper FTS co-catalyst, such as cobalt.   In 

our current system, the kinetics of the carbon chain forming reactions seem to be rate 

determining at approximately 200 °C.  Further experiments were run at 200 °C at three total 

pressures (1.0, 2.7, and 6.1 atm) and two partial pressure rations: PH2O/PCO2 = 0.6 and 1.2.  This 

data is collected in Table 1, which reports the mean productivity for each run, in units of mass 

productivity (µgprod
.g-1

cat
.h-1) and molar productivity (µmole.g-1

cat
.h-1, where µmole = µmol electrons 

stored in the product) of the catalyst in terms of product Cn.  The products are divided into O2, 

H2, C1, C2-C4 and C5+, with certain higher Cn products explicitly listed.  For data in which standard       

deviations are reported, the values are the mean of 3 independents runs, whereas those without 

                        

Figure 5-3.  Mass productivity and selectivity of SPARC reaction at different pressure and partial pressure 
ratios at 200° C and 40 sccm.   
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are single run data.   The full product distribution and productivity data is given in Tables S4 and 

S5 in the SI.    

Figure 5-3 is a bar graph comparing the mass productivity and selectivity as a function of 

pressure and feedstock ratio.  The most compelling data is the observation that the C2+ 

hydrocarbons and oxygenates are not minor products but instead constitute 74% by mass of the 

products under one of the best set of conditions screened (6.1 bar, PH2O/PCO2 = 0.6).  Converted 

to a molar basis (moles of reducing electrons stored in products), this amounts to and 68% of all 

electrons stored in products in C2+ hydrocarbons.   Of this 22% by mass and 14% of the 

electrons are stored in liquid C5+ products.   The percentage of oxygenates in our product 

distribution (70 to 90%) is much higher than found in typical FTS chemistry which may be 

expected in a process that is considerably richer in oxygen overall and simply reflects some of 

the differences in SPARC vs FTS chemistry.  It is not yet clear how or if the selectivity of the 

SPARC reaction can be tuned towards less oxygenated products.  Nonetheless, most of these 

oxygenates are high molecular weight molecules with a greater fuel value on a mass basis than 

lighter alcohols or oxygenates.  The H2 and C1 products account for 35% of product mass and 

29 % of all electrons stored, but they are not the dominant products.   In both feedstock ratios, 

we clearly observe an increase in overall productivity with increasing total pressure.  However, 

only at the lower PH2O/PCO2 of 0.6 do we observe any C5+ selectivity and this increases with 

increasing pressure. Clearly, the feedstock ratio is an important parameter that merits further 

investigation and optimization.  These data reveal that to a first approximation, the SPARC 

reaction responds to temperature and pressure in a manner similar to the FTS reaction and 

yields similar products.  Because of this, we believe it is reasonable to assume some shared 

underlying chemical mechanisms.  It is well-known that the FTS reaction responds to increases 
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in pressure with an increase in productivity (gram product per gram catalyst per hour) and a shift 

in product distribution (selectivity) towards heavier hydrocarbons,40 and that the optimized 

industrial conditions are generally given around 20 atm with a 2:1 ratio of H2 and CO for a cobalt-
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based catalyst.42,43 We assume that higher pressures will shift the selectivity in SPARC 

chemistry to favor higher Cn products, but our current reactor could not safely go beyond 6.1 

 

Table 5-1.  Products and mass and molar electron productivity as a function of pressure and partial pressure ratio 
at a constant temperature of 200 °C and flow rate of 40 sccm. 

  Mass Productivity (Pm, µg/gh) Molar Productivity (Pmol, µmole/gh) 

PH2O/PCO2 0.6 1.2 0.6 1.2 

Pressure 1.0 2.7 6.1 1.0 2.7 6.1 1.0 2.7 6.1 1.0 2.7 6.1 

Compound Pm Pm Pm Pm Pm Pm Pmol Pmol Pmol Pmol Pmol Pmol 

O2 195±149 308±118 171±140 194 138 307 24±19 39±15 21±18 24 33 38 

H2 8±9 14±4 6±2 6 20 10 8±9 14±4 6±2 6 18 10 

C1 23±12 44±63 55±72 8 4 28 2±1 4±4 4±5 1 3 2 

C2-4 26±17 76±40 91±79 28 6 60 7±5 15±11 19±17 10 13 13 

C5+ 4±5 7±11 22±13 0 0 0 1±2 4±5 5±8 0 1 0 

Total 

 (less O2) 61±5 141±27 175±39 43 30 98 18±3 36±3 35±6 17 35 26 

O2 yield (%)   

    
136 108 62 140 94 150 

IPQY (%)      0.02 0.05 0.04 0.02 0.04 0.03 

Select Prod                         

C5H12O 3.7±5.2 1.6±1.9 1.7±2.1 0.0 0.0 0.0 1.3±1.8 0.8±0.7 0.6±0.7 0.0 0.0 0.0 

C7H12 0 0.4±0.6 0.0 0.0 0.0 0.0 0.0 0.2±0.3 0.0 0.0 0.0 0.0 

C8H18 0 0.4±0.6 0.0 0.0 0.0 0.0 0.0 0.2±0.3 0.0 0.0 0.0 0.0 

C8H16O5 0 0.0 2.2±3.8 0.0 0.0 0.0 0.0 0.0 0.4±0.8 0.0 0.0 0.0 

C9H12 0 0.6±1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

C10H20O2 0 0.4±0.8 0.5±1.1 0.0 0.0 0.0 0.0 0.3±0.4 0.7±0.2 0.0 0.0 0.0 

C13H12 0 0.9±1.5 0.0 0.0 0.0 0.0 0.0 0.5±0.7 0.0 0.0 0.0 0.0 
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bar.  A new photoreactor capable of tolerating both higher temperatures and pressures is under 

construction and will allow us to test this. 

Isotopic labelling experiments performed with 13CO2 and D2O feedstocks show incorporation 

of both labels into all of the reduced products (see SI).  The O2 yields, shown in Table 1, were 

calculated by dividing all the electrons released to form O2 from H2O by all the electrons stored 

in the identified products at the expected stoichiometry for the SPARC reaction and range from 

64 to 150%.  The agreement is acceptable considering the large standard deviations in these 

measurements, which reflect difficulties in obtaining good peak integration due to large adjacent 

CO2 and N2 peaks in the chromatogram (see Fig. S6).    

As seen in Fig. 4, no O2 and only trace hydrocarbons are detected before the catalyst bed is 

irradiated.  Although difficult to see, there is a small amount of H2, CH4, and C2H6, produced 

during the dark period, constituting less than 10% of the CH4 and C2H6 observed once the light 

is on.  These basal products 

are attributed to thermal 

reactions of H2O and CO2 with 

the freshly prepared and highly 

reactive nanosized cobalt 

islands (catalyst preparation 

and characterization are given 

in the SI), some of which are 

unstable towards oxidation.  

When the catalyst is irradiated 

there is a substantial increase 

 

Figure 5-3.  Productivity of O2 (blue circles) H2 (red squares) and 
hydrocarbons (HC) (black diamonds) as a function of time at 200 °C, 
6.1 bar, PH2O/PCO2 = 0.6 and 40 sccm. 
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in HC, H2, and O2 productivity consistent with a coupling of photochemical water oxidation with 

thermal CO2 and proton reduction.  Furthermore, the productivity is reasonably stable over the 

run period, however TEM analyses of the catalyst pre and post run reveal substantial 

agglomeration of the cobalt islands over this period (see SI Figure S2).  The initial cobalt islands 

averaging 4.5 nm in diameter doubled in size over the 5 h run timeframe.  It is well-established 

in FTS chemistry with cobalt-based catalysts that the catalyst undergoes considerable 

reorganization in the first 24 h of on stream use44,45and it is likely that a similar reorganization is 

occurring here.  However, given the early stage of SPARC chemistry, there is not yet enough 

data to more adequately explain the catalyst behavior or its implications.  It suffices to say that 

this phenomenon bears additional study.   

Table 1 also lists the productivity data for select 

C5+ products, whose structures are shown in Fig. 5-4.  

The structures were determined by NIST database 

matching of the mass spectrum fragmentation 

patterns and were fit with confidence level greater than 

99% for nearly all compounds.   C5H12O and C8H18 are 

two saturated hydrocarbons typical of an FTS-like 

mechanism. The alkylbenzenes or oxygenates thereof 

suggest formation of surface acetylides/acetylenes, which can easily undergo cyclotrimerization 

to lead to the observed products.46   This second C-C chain forming pathway is reasonable if we 

consider that the SPARC reaction conditions are considerably less hydrogen-rich relative to 

normal FTS, which rarely yields alkynes.  While this unexpected mechanism seems to be 

 

 

Figure 5-4.  Structures of select C5+ products 
as determined from NIST mass spectral 
database.   
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responsible for the aromatic C6+ products, the presence of C8H18 as well as C7 and C5 alkanes 

and olefins support a FTS process is occurring concurrently.    

The highest mass productivity obtained 200 °C, 2.7 bar, PH2O/PCO2 = 0.6, corresponded to 

217 µg.g-1.h-1, not including O2, or a molar electron productivity of 41 µmole.g-1.h-1.  For 

comparisons, this latter value is ~20 µmol H2(equiv)g-1.h-1 and is within the typical range of 0.2 to 

100 µmol product.g-1.h-1,47, 48 reported for CO2/H2O semiconductor photocatalysis, although 

claims as high as 2000 µmol ethanol g-1.h-1 exist.49    When examined with respect to the incident 

photon flux (l<400 nm), an incident photon quantum yield (IPQY) of 0.02 to 0.05% is obtained 

on a per electron stored basis.  These IPQYs are slightly higher if reported relative to the O2 

yield.  Unfortunately, many studies of CO2/H2O semiconductor photocatalysis either do not report 

quantum yields or do not report them in a consistent manner.  Where data exist, typical IPQY 

values are anywhere from 0.001% to 30%, although the higher values (> 1%) were only seen 

with non-oxide catalysts (i.e. ZnS, CdS, GaP).(24)  We suggest that our modest IPQY is more a 

reflection of the early stage of this work rather than any practical limitation and note that a 

significant (2.5-fold) jump in IPQY was observed upon increasing the pressure from 1 bar to 2.7 

bar, however, no further increase was seen at 6.1 atm. 

 As mentioned previously, the choice of a good metal for FTS catalyst is crucial and Fe, 

Co, and Ru are among the best known.39 Here, we chose cobalt due to its known FTS 

performance and superior stability relative to iron,42 and to demonstrate the SPARC reaction 

could be achieved without the requirement of rare or precious metal co-catalysts. In one of the 

few studies of the CO2/H2O semiconductor photocatalysis at temperatures in excess of 100° C,  

only C1 products were found with copper and platinum zincates and titanate photocatalysts.50 

However, when Fe was used in the same systems ethanol in addition to the C1 products was 
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observed,51 suggesting the SPARC reaction was in operation.  It is curious that even higher Cn 

products were not observed, but these photoreactions were conducted at temperatures in 

excess of 300° C which may well be too high for good operation.  Oddly enough, cobalt-based 

catalysts yield primarily methane during the hydrogenation of CO2.52, 53 It was also shown that 

the increase water partial pressure stabilized the catalyst and it may be that the even higher 

PH2O is influencing the SPARC product distribution here.     

In general, elevated temperatures are avoided in photochemical reactions due to increased 

rates of charge recombination in the photocatalyst. For example, the photoluminescence (PL) 

intensity of TiO2 drops by 50-60% upon raising the temperature from 20 to 200 °C.54,55  At 

present, we observe an increase in productivity with temperature, showing a significant thermal 

component to the rate-determining kinetic step in this photothermochemical reaction.  

Nonetheless, the losses in charge carriers could be an important consideration upon 

development of an improved SPARC catalyst, where the thermal steps are no longer rate 

determining.   

At present, this gas phase SPARC reaction is far from optimized and simply shows proof of 

principle.  Higher productivities and better product distributions are likely to be realized as 

pressure, temperature, reactant ratio, space velocity, and catalyst are optimized.  For example, 

the current photoreactor can only safely be operated at pressures less than 6.1 bar whereas 

higher pressures are likely to dramatically affect product selectivity and productivity.  Similarly, 

BET surface area measurements reveal that the Nafion polymer, used to bind the catalyst 

powder to the glass beads, effectively covers up 50-60% of the catalyst surface area (see SI), 

revealing that we can likely do better using alternative methods to immobilize the catalyst.  The 

current data also raise a number of important questions which must be addressed if this 



 

 129 

technology is to be further developed.  As both H2 and CO are observed in the product stream, 

it is not clear if they are responsible for hydrocarbon formation via the FTS upon readsorption or 

if they represent a small fraction of surface escaped species. The most commonly involked 

mechanim for metal co-catalysts on photoactive TiO2 is that the metal islands act as electron 

collectors upon which metal hydrides and CO2 adsorption/reduction occurs while the holes 

migrate to the TiO2 surface where they oxidize water.  In a gas phase model, the protons must 

migrate over the surface of the TiO2 to the cobalt islands, leading to questions as to the degree 

of surface hydration.  It is notable that in the hydrogenation of CO or CO2 on cobalt metal 

common surface same surface intermediates are invoked, even though the former gives 

hydrocarbon chains and the later gives methane.52,53    

Although the current SPARC technology is currently impractical on a commercial scale, it 

does offer a conceptually new and commercially promising solar fuels technology that would be 

simple and inexpensive relative to most PV-EC and PEC systems.  In a field operation, it is easy 

to imagine the use of parabolic mirrors to focus and concentrate sunlight onto a catalyst bed, 

providing both the photons required for photoexcitation and the thermal energy needed to run 

the reaction.  Assuming such a system may require active cooling, the excess thermal energy 

could be used for product separations or other applications in which relatively low grade heat 

can be applied.  In this respect, a SPARC process can realize greater efficiencies than process 

requiring ambient or near ambient temperatures in that the low energy photons are either used 

to help heat the SPARC reaction or are used to heat a working fluid to a more useful temperature 

(i.e. 200 °C).  Concentrated sunlight minimizes photocatalyst costs and reactor volume, the 

former of which is often one of the more expensive components of any such technology.  The 

direct production of the value-added hydrocarbons liquid fuel minimizes the number of unit 
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operations involved and the associated efficiency losses and capital expenses of each.  Finally, 

the SPARC reaction, as realized here, is a true gas phase operation operating at conditions 

more typical of an industrial operation.  The elevated temperature, pressure, and gas phase 

operation also open new possibilities about the types of semiconductors catalysts that are 

needed and may be used.   

Supporting Information 

Full experimental details for the reactor design and function, catalyst preparation and 

characterization, product identification, yield and distribution, and isotopic labelling are given in 

the supporting information (21 pages). 
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I. Catalysts preparation 

1. Preparation of 5% Co/TiO2 photocatalyst.  The 5% by mass metallic cobalt on TiO2 

catalyst was prepared by wet impregnation of 5g Degussa P-25 TiO2 with 1.25 g 

Co(NO3)2 (Alfa Asear) in 3 mL DI water. After completing the impregnation, the 

resultant Co/TiO2 catalyst was dried overnight at room temperature and then calcined 

at 250 °C for 180 min. The dried powder was finely ground and immobilized on the 

glass beads as described in the next section.  

2. The immobilized Co/TiO2 catalyst The unreduced catalyst powder was supported in 

the flow reactor by coating it on Pyrex glass pellets (diameter of 2 mm) (Sigma 

Aldrich) following the procedure below. The glass pellets were etched in 5 M NaOH 

solution for 24 h at 70 °C to increase surface roughness. S1 After extensive rinsing with 

DI water, the glass pellets were soaked in aqueous suspension of 3 g unreduced 

Co/TiO2 powder dispersed in 3.0 mL of DI water with the aid of an ultrasonic bath. 

Subsequently, 3.0 mL of a Nafion polymer solution (5% Nafion D521 in water/1-

propanol Alfa Aesar) was slowly added and the solution stirred for 10 min during which 

time the majority of the powder adhered to the pellets.  The suspension was decanted 

off and the pellets washed with DI water which was removed by decanting.  Finally, 

the pellets were placed in an oven at 100 °C under N2 atmosphere and dried for 4 h.  

No 1-propanol was detected by GC after the baking and loading the pellets into the 

flow reactor. The catalyst was then reduced in situ by flowing H2 gas over the fixed-

bed photocatalyst reactor at 350 °C for 12 h.   

3. Catalyst Characterization 

XRD (X-ray powder diffraction) 
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The crystal phase of Co on TiO2 catalyst was analyzed by XRD and recorded 

on a Bruker D8 diffractometer using Cu Ka radiation with a step size of 0.01◦ in the 

range of 15–85◦. The step time was 1 second, which was long enough to obtain a 

good signal-to-noise ratio in the mean reflections of the two studied TiO2 crystalline 

phases, (101) anatase (2q ~ 25.237) and (110) rutile (2q ~ 27.365). The average 

particle size was estimated by applying the Scherrer’s formationS2 on the anatase 

(101) (the highest intensity peak) as show in Equation 1 

L= $%
& '()*    (1) 

Where L is the crystallite size, K a constant (usually 0.89), λ the wavelength of the X-

ray radiation (0.15418 nm of Cu Kα), β is the line width at the half-maximum height 

and θ is the corresponding diffraction angle in degrees.  The weight fraction of each 

TiO2 phase in catalyst were calculated from XRD spectra by the following equation 2S3 

+, =	 /0
1.334/56/0

  (2) 

Where 7/ represents the integrated intensity of the anatase (101) peak and 7, the 

integrated intensity of the rutile (110) peak.  The particle size and mass fractions are 

given in Table S1 and the XRD spectra shown in Figure S1.  

As seen in both Table S1 and Fig. S1, anatase was the predominant structure in the cobalt-

TiO2 before and after the runs (a typical run was 5-8 h). When comparing the diffractograms 

of the synthesized catalysts that were modified with cobalt, it was observed that the catalyst 

samples show no changes in crystallinity, direction of crystals, or changes of phase. 

However, no peaks corresponding to Co, CoO, or Co3O4 were observed in the XRD due the 

low cobalt loading and high cobalt dispersion.  
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Table S1. Weight fraction of phase and crystal size of catalysts 

 
  

Sample Weight fraction of phase 

(%) 

Crystal 

size 

(nm) 
Anatase Rutile 

Pre run 

TiO2-Co 

(reduced) 

83 17 40 

Post run 

1.0 bar 

81 19 39 

Post run 

2.7 bar 

84 18 38 

Post run 

6.1 bar 

81 19 41 
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Figure S1. XRD analyses of (a) TiO2 Degussa P25 powder (b) pre-run reduced Co/TiO2 
catalyst, post run after UV irradiation, 200 °C, PH2O/PCO2 0.6, flow rate 40 sccm at a total 
pressure of (c) 1.0 bar, (d) 2.7 bar, (e) 6.1 bar.  (A) = anatase, (R) = Rutile 
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    Figure S2.  TEM images for (top left) the reduced, pre-run Co/TiO2 catalyst and (top right) 
histogram of cobalt-island size, (bottom left) post 5 h run (6.1 bar, 200 °C, PH2O/CO2 0.6, flow rate 40 
sccm) Nafion coated, and (bottom right) histogram of cobalt-island size. 
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The morphology of the Co/TiO2 catalyst was observed using transmission electron 

microscopy (TEM, Hitachi H-9500) as shown in Figure S2. Figure S2 (a) shows the TEM 

image of the 5 wt.% Co/TiO2 catalyst after reduction, but before the run. The images 

show TiO2 (Degussa P25) crystallites on the order of 20.2 ±4 nm with small sports which 

are Co-metal particles which are highly dispersed on the TiO2 support. The cobalt cluster 

sizes are seen to be in the range 4.5 ± 2.0 nm. The TEM images of same catalyst after 

5 h reaction at 6.1 bar, 200 °C are shown in Fig S2 (b-d). Some small cobalt metal 

clusters are still observed however there appears to be considerable aggregation of 

most of the cobalt particles are now 9.7 ± 2.5 nm in diameter, as seen by the larger dark 

spots.  The post-run sample gave poorer quality images which we presume is due to 

interference from the Nafion binder, which is not completely removed via washing.   
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 XPS (X-ray photoelectron spectroscopy) 

X-ray photoelectron spectroscopy (XPS) was performed on a Perkin Elmer/Physical 

Electronic Model 5000C instrument.   Post run samples required washing otherwise all 

surface catalyst peaks were obscured by the Nafion coating.  Washing consisted of extensive 

rinsing with 95% ethanol and then DI water, after which reasonably good spectra could be 

obtained.  XPS data for the pre-run, reduced cobalt/TiO2 catalyst is shown in Fig. S3a with 

the energies associated with the binding energies for Co(II) (778 eV) and Co(0) (780 eV) fit 

to two peaks to reproduce the observed spectra.  Because these two peaks are so close 

together, the fitting is approximate and gave a 60:40 ratio of Co(II) to Co(0) representing a 

real loading of ~2.1% Co metal, at the beginning of the run.  It is not known if the CoO present 

has any role in the observed chemistry.  Post run XPS analysis of washed catalyst is shown 

in Fig. S3b with the only difference being a slight decrease in the percentage of Co(0) 

  

Figure S3.  High-resolution XPS analyses of (a) pre-run, reduced Co/TiO2 catalyst and (b) post-run cobalt/TiO2 catalyst 
after being subjected to SPARC reaction at 2.7 bar, 200 °C for 8 h. 
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present, with a ~65:35 Co(II)/Co(0) ratio, leading to a final metallic cobalt loading of 1.8%.  

This small amount of cobalt oxidation could account for up to one-third of the product in the 

best run data however it seems unlikely that cobalt oxidation is a major contributor to the 

reduced products given the following 

considerations.   The observation of 

an excess or near stoichiometric 

amount of O2 with the reduced 

products upon irradiation supports a 

photochemical reaction.  In addition, 

the majority of cobalt oxidation likely 

occurred during the reactor warm up, 

a period in which only CO2 gas was 

introduced and during the initial dark 

period, when steam was introduced.   During these dark phases, the most reactive and 

unstable cobalt islands are likely oxidized, and this correlates well with the observation of an 

initial H2 spike when the reaction is first monitored.  This is seen in a blow-up of the dark 

phase data for Figure 5-3 in the manuscript, shown in Fig S4. Finally, it is not known how the 

post-run washing affected the Co2+/Co0 ratio, but it is likely to contribute a little towards some 

of the observed oxidation.   

 

  

 

Figure S4.  H2 and HC evolution during the warm-up and 
dark period before catalyst irradiation.   
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Surface area (BET) 

Brunauer-Emmett-Teller (BET) surface area and BJH average adsorption- desorption 

pore diameter and pore volume measurement were conducted using a Micromeritics 

Tri-Star system. S4,S5 A precisely weighed 0.3 g of reduced catalyst sample was taken 

and slowly heated to 250 °C for 24 h under N2. The sample was then transferred to 

the adsorption unit, and the N2 adsorption was measured at the boiling temperature of 

nitrogen. 

 
Table S2.  BET surface area of Co/TiO2 catalyst with or without Nafion. 

Catalyst 
Surface 

area 
(m2g-1) 

Pore 
size 
(nm) 

Pore 
volume 
(cm3g-1) 

TiO2 51.5 9.7 0.07 

5 wt.% Co/TiO2 (reduced 
powder) 

44.5 15.3 0.18 

5 wt.% Co/TiO2 (reduced 
powder coated on glass pellets 
with Nafion after drying (100 °C 

for 4 h)) 

0.27 14.1 0.001 

5 wt.% Co/TiO2 (reduced 
powder coated on glass pellets 
with water after drying (100 °C 

for 4 h)) 

0.67 16.2 0.004 

 

As seen from the data in Table S2, the surface area of the catalyst drops considerably 

but as expected when coated onto glass pellets.  However, this dispersion was 

necessary to allow for good gas flow in the packed reactor.  Initial attempts to coat the 

pellets using no binder resulted in a mechanically unstable film which would fall off 

during a reaction run.   The use of the perfluorinated, sulfonated Nafion polymer added 
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mechanical strength to the films but as seen in the surface area measurements, it also 

had the effect of reducing the available catalyst surface area by ~ 60% and the 

accessible pore volume by 75%.  We are in the process of designing and fabricating a 

second generation photoreactor in which thin film deposition will be far more 

straightforward and the mechanical strength of the film less demanding, thus allowing 

us to avoid the Nafion binder completely.  However, for this proof of concept study, the 

Nafion was necessary. 

II. Continuous Flow Fixed-bed photo-thermal reactor  

The reactor was composed of a single quartz tube and two aluminum caps on each end. 

The quartz tube had the length of 2.54 cm, outside diameter of 3.65 cm and a wall 

thickness of 0.32 cm. Two VitonÒFluoroelastomer O-rings were placed on each cap to 

prevent leaks. A metal clamp was used to axially secure the caps when the reactor was 

pressurized.  

Internal heating was used to control the reaction temperature. A stainless-steel tube 

with the diameter of 0.635 cm and length of 2.54 cm was place along the center of the 

reactor to hold a 750W cylindrical cartridge heater in place. The heater was powered by 

a variac transformer and was connected to a Proportional Integral Derivative (PID) 

controller. Feedback for the PID controller was provide by a K-type thermocouple placed 

halfway between the between the cartridge heater and the reactor wall. The PID 

controller was programmed to hold the desired reaction temperature as a function of 

time.  
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The top cap contained three fittings, one to hold the thermocouple, another for the 

stainless-steel tube holding the heater, and one for gas and water vapor input. The 

bottom cap contained a single fitting for the flow outlet. 

Experiment Setup The schematic for the setup is shown in Figure S5. CO2 was fed 

through an O2 scrubber (Restek Cat no# 20601) to remove trace O2 from the CO2 

source. No O2 was detected by GC (described below) in the feed gas after this scrubber 

had been added.   The reactor pressure was set by adjusting the delivery pressure on 

the CO2 tank regulator. A back-pressure regulator valve was used to control the flow 

rate of CO2 into the reactor. A mass flow meter was used to monitor the flow rate. 

Degassed water which prepared by slowly bubbling with N2 through the liquid to remove 

oxygen from water was pumped (HPLC pump, Shimadzu LC 20ADXR) continuously 

into a fitting wrapped with a cord heater that was connected to a Variac transformer. A 

thermocouple in the fitting was used to monitor the temperature. The Variac was 

adjusted to give a temperature larger than 100 oC.   The resulting steam was directed 

into the reactor where it mixed with the CO2 stream. The reactant mixture then passed 

over the catalyst-coated glass bead bed, which was irradiated by four UV lamps 

(PHILIPS 250W Mercury Vapor Light Bulb) located outside of the reactor. The hot vapor 

stream passed out of the reactor and into a pressurized liquid-gas separator vessel that 

was surrounded by an ice bath. Liquids were collected in a glass vial contained in the 

separator and gases were directed through an adjustable outlet valve. The gases were 

then directed to an online gas chromatograph to be identified and quantified.     
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                         Figure S5: Schematic for the experimental setup 

 

Experimental Method The catalysis-coated glass beads were packed fully inside the 

quartz tube before each experiment. The CO2 flow rate was kept at 40 sccm for all runs.  

The water to CO2 partial pressure ratio was controlled between 0.6 and 1.2 by adjusting 

the water flow rate of pump. The temperature for the experiments was set to range from 

110 to 220 ºC. All four Hg lamps were used at their maximum intensity (1000W total) 

for all experiments. The power density was measured in mW/cm2 every 10 nm and 

measured between 200 nm and 400 nm and the resulting data converted into a total 

photon flux over that range.  The experiments were run under different pressures from 

1.0-6.1 bar for 5-8 hours. The outlet valve was adjusted to maintain the desired 40 sccm 

CO2 flow rate for each pressure.  

III. Product detection using GC- MS and on-line GC                                                   

Gas Chromatography with mass spectra detection The condensable liquid products 

consisted of a single phase with noticeable changes in the meniscus behavior.  The 
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total solution was placed in a 10.00 mL volumetric flask and made up to 10.00 mL with 

DI water.  This 10.00 mL solution was extracted with 1.00 mL dichloromethane (DCM) 

and the aqueous phase decanted off.  The DCM solution was used as is for analysis by 

GC-MS.  Calibration curves for common analytes such as methanol, ethanol, acetic 

acid, etc. were prepared by taking 10.00 mL of a known concentration if aqueous 

solution and subjecting them to the same extraction procedure.  A 1 μL aliquot of the 

DCM solution was injected into the GC-MS instrument, which was a Shimadzu GC-MS-

2010SE chromatograph with a MS QP2010 detector and an AOC-4 20S autosampler.  

The chromatographic column was Shimadzu SHRX105MS (30-m length and 0.25-mm 

inner diameter, part # 220-94764-02), and helium was used as the carrier gas. The initial 

oven temperature was 40 °C held for 5 min, followed by ramp to 150 °C at 10°C/min. 

The injection port and detector temperatures were both 200 °C. The temperature of the 

ion source (electron ionization mode, 70eV) was 250 °C. The MS detector was set at 

250 °C. Samples were run in the SIM and SCAN mode over a mass-to-charge (m/z) 

ratio range of 20-250.  The heavier GC-MS products were characterized by analysis of 

their mass spectrum with a NIST library were using the Shimadzu GCMS solution v4.11 

software package.    



 

 152 

Online Gas Chromatography The gas products were analyzed during the synthesis 

reaction process, a reactor was connected to Shimadzu 2014 Online-Reactor Gas 

Analyzer which has been customized for the analysis of light gases and refinery-type 

gases by Custom Solutions Group of Katy, TX.  This package includes a comprehensive 

list of common refinery gases, complete with retention-time, detector response, and 

calibration curves.  O2, H2 and CO were also checked against three standard gas mixes 

obtained from Mattheson to assure a good calibration.   The custom GC featured a 250 

µL sample loop with an automatic valve for sample injection and samples were analyzed 

every 30 min.   The hydrocarbon gases such as methane, ethane and propane were 

analyzed using an 

Agilent 

Al2O3/Na2SO4 (50-m 

length and 0.53-mm 

inner diameter) 

capillary column. 

The column was set 

to 70 °C hold for 3 

min and ramp 15 °C 

/min until 200 °C and 

hold for 10 min with 

FID detector at 250 

°C. For the H2, O2 

and CO were analyzed using Molecular sieves 5A 80/100 and HayeSep Q, 80/100 mesh 

 

Figure S6. GC chromatogram of the O2 peak, showing the difficulty in 
obtaining high precision data due to it positioning near the large CO2 peak 
and the N2 peak.   The N2 is a contaminant from the CO2 tank. 
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pack column with TCD detector at 200 °C. The injection port temperature was 225 °C. 

The column was hold at 90 °C for 25 min.  
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Table S3. Parametric study of SPARC reaction as a function of temperature, catalyst, pressure and ratio. 

Run Catalyst T 
(°C) 

P (bar) PH2O/PCO2 Irrad Products 

gas condensable 

1 Co/TiO2 110 1.0 1.2 + n/a CH3OH 

2 Co/TiO2 130 1.0 1.2 + n/a CH3OH 

3 Co/TiO2 150 1.0 1.2 + n/a CH3OH 

4 Co/TiO2 180 1.0 1.2 + n/a CH3OH, C3H7OH 

5 Co/TiO2 200 1.0 1.2 + CH4,C2H4,C2H6,C3H6, C3H8, 
C4H8, CO, H2, O2 

CH3OH,  C2H5OH 
CH3COOH,C3H7OH, C3H7OH, 
C5H11OH, 

6 Co/TiO2 220 1.0 1.2 + n/a CH3OH 

7 Co/TiO2 200 1.0 1.2 - n/a none 

8 Co/TiO2 200 1.0 1.2 (N2) + n/a none 

9 TiO2 200 1.0 1.2 + n/a none 

10 Co/TiO2 200 1.0 0.6 + CH4,C2H4,C2H6,C3H6, C3H8, 
C4H10, CO, H2, O2 

C2H5OH, C3H6O, CH3COOH 

11 Co/TiO2 200 1.0 0.6 - n/a none 

12 Co/TiO2 200 2.7 0.6 + CH4 ,C2H6,C3H8, C4H10, CO, H2, 
O2 

HCOOH,CH3OH, C2H5OH, C3H7OH, 
CH3COOH, C3H6O, C3H6O2,  C3H8O 
C4H9OH, C5H8O, C5H12O, C6H8O,  
C7H12, C7H8O, C8H10, C8H18, C9H12, 
C10H14, C10H12O2, C13H10, C13H12 

13 Co/TiO2 200 2.7 0.6 - n/a none 

14 Co/TiO2 200 2.7 0.6 (D2O) + n/a deuterium incorporated into CH3OH, 
C2H5OH, C3H7OH, CH3COOH, 
C3H6O, C4H9OH, C6H12O, C8H10, 
C9H12, C10H14 

15 Co/TiO2 200 2.7 1.2 (13CO2) + n/a 13-carbon incorporated into CH3OH, 
C2H5OH, C3H7OH,  C8H18O, 

16 Co/TiO2 200 2.7 1.2 + CH4,C2H4,C2H6,C3H6, C4H8,  
C4H10, C5H12,CO, H2, O2 

C3H7OH, C3H4O2 

17 Co/TiO2 200 6.1 0.6 + CH4,C2H6,C3H6,C3H8, C4H8, 
C4H10, C5H12,CO, H2, O2 

CH3OH, HCOOH, C2H5OH,  
C2H2O3,CH3COOH,  C2H2O4,C3H7OH, 
C3H6O2, C3H4O3, C4H9OH, 
C3H7COOH, C4H10O2,  C5H12O, 
C5H12O2, C6H10O4,  C6H5COOH 
C8H16O5, C10H20O2, C10H12O2 

18 Co/TiO2 200 6.1 1.2 + CH4,C2H4,C2H6,C3H6, 
C3H8,C4H8,C5H12,CO,H2, O2 

HCOOH, CH3OH, CH3COOH, 
C3H7OH, C4H10O, C4H10O2 
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      Productivity (µg/gh)     
Pressure (bar)     1.0 bar 2.7 bar 6.1 bar 
PH2O/CO2     0.6 1.2 0.6 1.2 0.6 1.2 
Products     Run1  Run2  Run3  Avg std Run  1  Run 1  Run 2  Run 3  AVG Std Run1  Run 2  AVG Std Run 1  Run 2  Run 3  AVG STD Run 1  
Cn Formula MW # e                                         
 O2 32.0 4.0 334.2 38.0 212.0 194.7 148.9 194.3 188.7 425.1 310.6 308.1 118.3 359.2 14.9 187.1 243.4 213.9 14.1 285.1 171.0 140.5 307.3 
 H2 2.0 2.0 4.2 1.6 17.5 7.8 8.5 6.1 9.4 16.3 16.1 13.9 4.0 4.4 41.2 22.8 26.0 6.9 3.9 8.5 6.4 2.3 10.4 
C1 CO 28.0 2.0 29.8 9.1 26.6 21.8 11.2 7.5 5.7 44.4 8.3 19.5 21.6 20.5 25.0 22.7 3.2 90.8 19.5 5.6 38.6 45.7 15.3 
 CH4 16.0 8.0 0.7 0.8 1.0 0.8 0.1 0.8 1.2 0.9 1.3 1.1 0.2 2.3 4.6 3.4 1.6 2.2 1.0 1.1 1.4 0.7 0.4 
 CH2O2 46.0 2.0             0.0 0.0 69.9 23.3 40.4         42.8 0.0 0.0 14.3 24.7 7.3 
 CH3OH 32.0 6.0 0.6 0.2   0.4 0.3   0.2 0.7 0.0 0.3 0.4         1.4 1.3 0.1 0.9 0.7 4.6 
C2 C2H4 28.0 12.0 0.5 0.7 0.4 0.5 0.1 0.1             3.0               0.5 
 C2H6 30.0 14.0 12.4 3.4 2.2 6.0 5.6 17.6 3.4 1.7 1.5 2.2 1.1 12.7 25.6 19.1 9.1 23.5 2.4 2.1 9.3 12.3 2.8 
 C2H6O 46.0 12.0 0.7 1.6   1.2 0.6 0.1 0.1 0.0 0.0 0.0 0.0         0.7 2.2 0.0 1.0 1.1   
 C2H2O3 74.0 4.0                               0.0 0.0 13.7 4.6 7.9   
 C2H2O4 90.0 2.0                               0.0 0.0 7.0 2.3 4.0   
 C2H4O2  60.0 8.0 20.2 8.6   14.4 8.2 9.1 44.4 50.0 60.0 51.5 7.9         13.8 74.4 62.4 50.2 32.1 36.6 
C3 C3H6 42.0 18.0 0.3 0.5 0.4 0.4 0.1 0.3                   2.4 0.8 0.6 1.3 1.0 0.1 
 C3H8 44.0 20.0 1.2 1.3 0.8 1.1 0.2 0.9 1.0 1.5 1.5 1.3 0.3   3.0     1.6 1.2 1.2 1.3 0.3 0.8 
 C3H6O 58.0 16.0             0.2 0.0 0.0 0.1 0.1                     
 C3H6O2 74.0 14.0               14.7 0.3 7.5 10.2         0.0 0.7 4.1 1.6 2.2   
 C3H8O  60.0 18.0 2.7 0.2   1.5 1.8 0.1 0.7 1.3 0.6 0.9 0.4 1.9       0.5 1.2 0.0 0.6 0.6 15.8 
 C3H4O2 72.0 4.0                         7.2                 
 C3H4O3 88.0 12.0                               0.2 0.0 0.0 0.1 0.1   
C4 C4H8 56.0 24.0 1.2 1.1 0.9 1.1 0.2               0.2               0.3 
 C4H10 58.0 26.0           0.1 6.9 1.1 1.2 3.1 3.3   2.8     8.1 2.1 4.1 4.8 3.1   
 C4H10O 74.0 24.0             28.5 0.0 0.0 9.5 16.5         1.7 0.0 0.0 0.6 1.0 2.1 
 C4H8O2 88.0 20.0                               14.0 0.0 22.2 12.1 11.2   
 C4H10O2 90.0 22.0                               3.8 0.0 0.0 1.3 2.2 1.4 
C5 C5H12 72.0 32.0                         1.5     0.8 0.4 0.6 0.6 0.2 0.0 
 C5H8O 84.0 26.0             0.0 0.0 1.9 0.6 1.1                     
 C5H12O 88.0 30.0 7.4    3.7 5.2   0.0 3.7 1.0 1.6 1.9         0.0 0.9 4.1 1.7     
 C5H12O2 104.0 26.0                               7.4 0.0 0.0 2.5     
C6 C6H8O 90.0 30.0             0.0 0.0 3.0 1.0 1.7                     
 C6H10O4 146.0 26.0                               0.0 2.3 26.9 9.7     
C7 C7H12 96.0 40.0             0.0 0.0 1.0 0.3 0.6                     
 C7H8O 108.0 34.0             0.0 0.0 1.1 0.4 0.6                     
 C7H6O2 122.0 30.0                               4.3 0.0 0.0 1.4     
C8 C8H10 106.0 42.0             0.2 0.0 0.0 0.1 0.1                     
 C8H18 114.0 50.0             0.0 1.1 0.0 0.4 0.6                     
 C8H16O5 192.0 38.0                               6.7 0.0 0.0 2.2     
C9 C9H12 120.0 46.0             1.9 0.0 0.0 0.6 1.1                     
C10 C10H14 134.0 54.0             0.1 0.0 0.0 0.0 0.0                     
 C10H20O2 140.0 60.0             0.0 1.3 0.0 0.4 0.8         0.0 0.0 1.6 0.5     
 C10H12O2 164.0 48.0                               10.5 0.0 0.0 3.5     
C13 C13H10 166.0 62.0             0.0 1.8 0.0 0.6 1.0                     
 C13H12 168.0 64.0             0.0 2.6 0.0 0.9 1.5                     
 H2     4.2 1.6 17.5 7.8 8.5 6.1 9.4 16.3 16.1 13.9 4.0 4.4 41.2 22.8 26.0 6.9 3.9 8.5 6.4 2.3 10.4 

 C1     31.2 10.0 27.6 23.0 11.6 8.3 7.1 46.0 79.5 44.2 62.5 22.8 29.5 26.1 4.8 137.2 21.8 6.9 55.3 71.8 27.6 

 C2-4     39.2 17.4 4.7 26.1 16.8 28.3 85.2 70.2 65.1 76.0 39.7 14.6 41.9 19.1 9.1 70.4 85.1 117.4 91.0 79.0 60.4 

 C5+             7.4 0.0 0.0 0.0 0.0 0.0 2.2 10.5 8.0 6.9 11.1 0.0 1.5 0.0 0.0 29.7 3.6 33.2 22.1 0.2 0.0 

 Gas prod   384.6 56.5 261.8 234.3 174.9 227.7 216.3 491.0 340.5 349.3 148.7 399.0 121.8 255.1 283.4 350.2 45.5 308.9 234.9 205.9 338.0 

 Conden. prod   31.6 10.5 0.0 21.1 16.2 9.3 76.3 77.2 138.8 99.9 86.9 1.9 7.2 0.0 0.0 107.8 83.0 142.1 111.0 87.9 67.8 

 
   

Table S4. Full product list and mass productivity as a function of pressure and partial pressure ratio at 200 °C 
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Table S5. Full product list and molar (electrons stored) productivity as a function of pressure and partial pressure ratio at 200 C 
      Productivity (µmol electrons/gh)     
Pressure (bar)     1.0 bar 2.7 bar 6.1 bar 
PH2O/CO2     0.6 1.2 0.6 1.2 0.6 1.2 
Products     Run1  Run2  Run3  Avg std Run  1  Run1  Run 2  Run 3  AVG Std Run1  Run 2  AVG Std Run 1  Run 2  Run 3  AVG STD Run 1  
Cn Formula MW # e                      
 O2 32.0 4.0 41.8 4.8 26.5 24.3 18.6 24.3 23.6 53.1 38.8 38.5 14.8 44.9 1.9 23.4 30.4 26.7 1.8 35.6 21.4 17.6 38.4 
 H2 2.0 2.0 4.2 1.6 17.5 7.8 8.5 6.1 9.4 16.3 16.1 13.9 4.0 4.4 41.2 22.8 26.0 6.9 3.9 8.5 6.4 2.3 10.4 
C1 CO 28.0 2.0 2.1 0.6 1.9 1.6 0.8 0.5 0.4 3.2 0.6 1.4 1.5 1.5 1.8 1.6 0.2 6.5 1.4 0.4 2.8 3.3 1.1 
 CH4 16.0 8.0 0.4 0.4 0.5 0.4 0.1 0.4 0.6 0.5 0.6 0.6 0.1 1.2 2.3 1.7 0.8 1.1 0.5 0.6 0.7 0.3 0.2 
 CH2O2 46.0 2.0               0.0 3.0 1.5 2.1         1.9 0.0 0.0 0.6 1.1 0.3 
 CH3OH 32.0 6.0 0.1 0.0   0.1 0.1   0.0 0.1 0.0 0.1 0.1         0.3 0.2 0.0 0.2 0.1 0.9 
C2 C2H4 28.0 12.0 0.2 0.3 0.2 0.2 0.1 0.0             1.3 1.3             0.2 
 C2H6 30.0 14.0 5.8 1.6 1.0 2.8 2.6 8.2 1.6 0.8 0.7 1.0 0.5 5.9 11.9 8.9 4.3 11.0 1.1 1.0 4.4 5.7 1.3 
 C2H6O 46.0 12.0 0.2 0.4   0.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0         0.2 0.6 0.0 0.3 0.3   
 C2H2O3 74.0 4.0                               0.0 0.0 0.7 0.2 0.4   
 C2H2O4 90.0 2.0                               0.0 0.0 0.2 0.1 0.1   
 C2H4O2  60.0 8.0 2.7 1.1   1.9 1.1 1.2 5.9 6.7 8.0 6.9 1.1         1.8 9.9 8.3 6.7 4.3 4.9 
C3 C3H6 42.0 18.0 0.1 0.2 0.2 0.2 0.0 0.1                   1.0 0.4 0.3 0.6 0.4 0.1 
 C3H8 44.0 20.0 0.5 0.6 0.4 0.5 0.1 0.4 0.4 0.7 0.7 0.6 0.1   1.4 1.4   0.7 0.5 0.6 0.6 0.1 0.4 
 C3H6O 58.0 16.0             0.1 0.0 0.0 0.0 0.0                     
 C3H6O2 74.0 14.0               2.8 0.1 1.4 1.9         0.0 0.1 0.8 0.3 0.4   
 C3H8O  60.0 18.0 0.8 0.1   0.4 0.5 0.0 0.2 0.4 0.2 0.3 0.1 0.6   0.6   0.2 0.4 0.0 0.2 0.2 4.7 
 C3H4O2 72.0 4.0                         0.4 0.4               
 C3H4O3 88.0 12.0                               0.0 0.0 0.0 0.0 0.0   
C4 C4H8 56.0 24.0 0.5 0.5 0.4 0.5 0.1               0.1 0.1             0.1 
 C4H10 58.0 26.0           0.0 3.1 0.5 0.5 1.4 1.5   1.3 1.3   3.6 0.9 1.8 2.1 1.4   
 C4H10O 74.0 24.0             9.2 0.0 0.0 3.1 5.3         0.6 0.0 0.0 0.2 0.3 0.7 
 C4H8O2 88.0 20.0                               3.2 0.0 5.0 2.7 2.6   
 C4H10O2 90.0 22.0                               0.9 0.0 0.0 0.3 0.5 0.3 
C5 C5H12 72.0 32.0                         0.6 0.6   0.3 0.2 0.3 0.3 0.1 0.0 
 C5H8O 84.0 26.0               0.0 0.6 0.3 0.4                     
 C5H12O 88.0 30.0  2.5     1.3  1.8     1.3 0.3 0.8 0.7         0.0 0.3 1.4 0.6 0.7   
 C5H12O2 104.0 26.0                               1.9 0.0 0.0 0.6 1.1   
C6 C6H8O 90.0 30.0               0.0 1.0 0.5 0.7                     
 C6H10O4 146.0 26.0                               0.0 0.4 4.8 1.7 2.7   
C7 C7H12 96.0 40.0               0.0 0.4 0.2 0.3                     
 C7H8O 108.0 34.0                                           
 C7H6O2 122.0 30.0                               1.1 0.0 0.0 0.4 0.6   
C8 C8H10 106.0 42.0             0.1 0.0   0.0 0.1                     
 C8H18 114.0 50.0             0.0 0.5   0.2 0.3                     
 C8H16O5 192.0 38.0                               1.3 0.0 0.0 0.4 0.8   
C9 C9H12 120.0 46.0             0.7 0.0   0.4 0.5                     
C10 C10H14 134.0 54.0             0.0 0.0   0.0 0.0                     
 C10H20O2 140.0 60.0             0.0 0.6   0.3 0.4         0.0 0.0 0.7 0.2 0.4   
 C10H12O2 164.0 48.0                               3.1 0.0 0.0 1.0 1.8   
C13 C13H10 166.0 62.0             0.0 0.7   0.3 0.5                     
 C13H12 168.0 64.0             0.0 1.0   0.5 0.7                     
 H2     4.2 1.6 17.5 7.8 8.5 6.1 9.4 16.3 16.1 13.9 4.0 4.4 41.2 22.8 26.0 6.9 3.9 8.5 6.4 2.3 10.4 

 C1     2.6 1.1 2.4 2.0 0.9 0.9 1.0 3.8 4.3 3.5 3.9 2.6 4.1 3.3 1.0 9.7 2.1 1.0 4.3 4.8 2.5 

 C2-4     10.9 4.8 2.1 6.8 4.7 10.1 20.6 11.8 10.2 14.7 10.6 6.5 16.4 13.9 4.3 23.2 14.0 18.7 18.6 16.7 12.7 

 C5+     0.0 0.0 0.0 0.0 0.0 0.0 0.8 4.0 2.3 3.6 4.6 0.0 0.6 0.6 0.0 7.6 0.9 7.1 5.2 8.1 0.0 

 Gas prod   55.7 10.6 48.5 38.3 30.9 40.2 39.1 75.0 58.1 57.4 22.5 57.8 63.8 63.1 61.7 57.9 10.7 49.0 39.2 31.2 52.2 

 Conden. prod   6.3 1.7 0.0 2.7 1.8 1.3 16.3 13.9 13.6 16.8 15.3 0.6 0.4 1.0 0.0 16.3 11.9 21.9 16.7 18.3 11.8 
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IV. Isotopic labeling experiments using 13CO2 and D2O 

In order to confirm the products are derived from CO2 and H2O, isotopically 

enriched 13CO2 (30% 13CO2 purchased from Aldrich) or D2O (99% D2O from 

Aldrich) were used as a feedstock. Products were analyzed using a Shimadzu 

GC-MS-2010SE chromatograph with a MS QP2010 detector and an AOC-4 

20S auto sampler.  The mass spectrometer was operated in electroionization 

mode (EI) at 250 °C with the filament operating at 70 eV in SCAN and SIM 

mode. After identification of the unlabeled sample by analysis of the entire MS 

spectrometric pattern, the MS of a representative fragment was scanned in 

detail to obtain a good signal to noise for the labeled and unlabeled product 

and the spectrometric patterns compared.   

Supplementary figures 7-8 show the results for the 13CO2 labeling 

experiment conducted at 200 °C, 2.7 bar, PH2O/PCO2 = 1.2 for isopropanol and 

2-ethyl-hexanol, respectively. The 13C appeared in the mass spectroscopy as 

well as the compared isotopic ratios values for the 13C incorporation into the 

product, given the original 30% isotopic labeling. The deuterium labeling 

experiment was conducted with 99% D2O (Supplementary figures 9-13) at 200 

°C, 2.7 bar, PH2O/PCO2 = 0.6.  The mass spectroscopies of the unlabeled and 

labeled products are shown below for methanol, ethanol, propanol and a C9 

and C10 product.  In this case, the labeling was a little less than expected from 

the 99% D2O which we attribute to adventitious unlabeled water being in the 

reactor. 
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Figure S7. Gas Chromatography/Mass spectroscopy of isopropanol product from experiment was conducted 
with 13C labeling and H2O at 200 °C, 2.7 bar, PH2O/PCO2 = 1.2. (a) The mass spectrometer operating set up, 
(b) 12CO2 sample, (d) 13CO2 sample and (c) compared isotopic ratios. 
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Figure S8. Gas Chromatography/Mass spectroscopy of 2-ethyl-1-hexanol (C8H18O) product from experiment was 
conducted with 13C labeling and H2O at 200 °C, 2.7 bar, PH2O/PCO2 = 1.2. (a) The mass spectrometer operating set up, 
(b) 12CO2 sample, (d) 13CO2 sample and (c) compared isotopic ratios. 
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Figure S9. Gas Chromatography/Mass spectroscopy of methanol product from experiment was conducted 
with D2O and 12CO2 at 200 °C, 2.7 bar, PD2O/PCO2 = 0.6. (a) The mass spectrometer operating set up, (b) 
H2O sample, (c) D2O sample. 
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Figure S10. Gas Chromatography/Mass spectroscopy of ethanol (C2H5OH) product from experiment was 
conducted with D2O and 12CO2 at 200 °C, 2.7 bar, PD2O/PCO2 = 0.6. (a) The mass spectrometer operating set 
up, (b) H2O sample, (c) D2O sample. 
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Figure S11. Gas Chromatography/Mass spectroscopy of isopropanol (C3H7OH) product from experiment was 
conducted with D2O and 12CO2 at 200 °C, 2.7 bar, PD2O/PCO2 = 0.6. (a) The mass spectrometer operating set 
up, (b) H2O sample, (c) D2O sample. 
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Figure S12. Gas Chromatography/Mass spectroscopy of a derivative of benzene (C9H12) product from 
experiment was conducted with D2O and 12CO2 at 200 °C, 2.7 bar, PD2O/PCO2 = 0.6. (a) The mass spectrometer 
operating set up, (b) H2O sample, (c) D2O sample. 
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Figure S13. Gas Chromatography/Mass spectroscopy of a derivative of benzene (C10H14) product from 
experiment was conducted with D2O and 12CO2 at 200 °C, 2.7 bar, PD2O/PCO2 = 0.6. (a) The mass spectrometer 
operating set up, (b) H2O sample, (c) D2O sample. 
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Retraction for Chanmanee et Al., Solar Photothermochemical Alkane Reverse 

Combustion. Proc. Natl. Acad. Sci. 2018, 115 (3), E557–E557. 

Retraction Letter 

We wish to retract this article as it is now apparent that our results are largely due 

to artifacts and that the underlying thesis of this work has not been demonstrated.  In this 

paper, we reported that CO2 and steam, passed over a cobalt on P25 TiO2 catalyst at 200 

C and 1-6 atm total pressure, was forming higher carbon number hydrocarbons (up to 

C13), when irradiated with UV light.  We postulated that CO2 was reduced to CO and water 

oxidized to give H2 or cobalt surface-bound hydrides via TiO2 mediated photochemical 

reactions and then these intermediates were consumed in thermally-driven Fischer 

Tropsch-like processes to yield higher carbon number hydrocarbons.     

It is now apparent that the majority of the carbon in the products is from carbon 

impurities, presumably graphite, present in the TiO2.  In order to verify that the CO2 was 

the carbon source, we conducted a labelling experiment using 30% isotopically enriched 

13CO2 and saw a shift in that parent ion peak distribution shift to higher m/z (see Figures 

S7 and S8), however following publication, Professor Geoffrey Ozin of the University of 

Toronto, communicated to us the need to verify such results using 100% isotopically 

enriched 13CO2.  While initially skeptical, when we performed an experiment (200 °C, 2.1 

atm, 99% enriched 13CO2) the GC-MS data of the liquid products showed very little 

incorporation of the label (less than 5%) into the products.  Subsequent runs in which the 

CO2 feedstock was replaced with helium gas (200 °C, 2.1 atm, water present) also 
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showed the presence of similar amounts of higher hydrocarbon products in the liquid 

phase, although the product distribution and isomers were different.   

Our work in the paper was done using Degussa (Frankfurt, Germany) P25 titanium 

dioxide (Control number 2047) which is now manufactured and marketed by Evonik 

Industries (Parsippany, NJ).  Having run out of the Degussa P25 before discovering our 

error, all our subsequent data has been obtained on the Evonik AeroxideR TiO2 P25.  

Carbon elemental analysis reveals 0.012% carbon (Galbraith Labs, Knoxville, TN) while 

calcination in air at 400 °C for 6 h does nothing to improve this as the carbon content in 

this sample was 0.015% (small increase due to lost moisture/adsorbates) and we start to 

see conversion of the anatase phase into rutile, so further heating was not done.  As our 

productivities were in the 61 to 175 µg product per g TiO2 per hour, mass balance is 

possible due to adventitious carbon (however our Degussa P25 must have had a greater 

carbon content that our Evonik P25).  

We were aware of previous reports that TiO2 having trace absorbed acetic acid 

impurities or graphitic carbon impurities (especially for homemade TiO2 prepared via sol-

gel methods).REF UV irradiation in the presence of moisture could mobilize these materials 

to form hydrocarbons such as methane, methanol, and acetic acid, however no reports 

of higher hydrocarbons being formed/released were known to us.  Clearly, the addition of 

heat to the irradiated TiO2 mobilizes bigger fragments of the carbon and is responsible 

for our observations of higher hydrocarbons.  For the record, we considered that the 

carbon impurities may be in the form of carbonates, and investigated the reaction (200 

°C, 2.1 atm, CO2 and H2O) in which the TiO2 was impregnated with sodium carbonate (1 
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mass% of the cobalt-TiO2 catalyst) but the results were no different than that without the 

added carbonate.   
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